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Chapter 1
General introduction

General introduction
Our daily actions, whether we pour ourselves a cup of coffee, take a chair, or 
grasp a book, are characterized by an almost effortless smoothness, as well by 
the fact that we typically perform them to achieve a certain outcome. The 
question how we accomplish this seemingly simple ability poses, as with many 
simple abilities, an intricate challenge to neuroscience.
First, our brain must shape and adapt our movements to the external 
world. For instance, to grasp a book, we must bring our arm towards its spatial 
location, and select a grip that matches the shape and size of the book. This 
means that visual information that enters our brain in two-dimensional, retinal 
coordinates must somehow be translated into codes accessible to the motor 
system to generate an appropriate movement pattern (Jeannerod 1988; 
Jeannerod et al. 1995). This is a fast and highly automatic process to which rapid 
online adjustments can be made in response to disturbances (Prablanc et al. 
1979).
The issue of how this is achieved, forms by itself a major research theme 
in neuroscience, typically referred to as motor control or perception-action 
coupling. Yet, it's not the whole picture. Individuals do not act merely in 
response to external cues; rather, they plan their actions according to internally 
generated goals. An immediate, stereotyped response towards an external 
stimulus is often unfavourable. Instead, an individual can actively choose the 
outcome that is most valuable, given its current state, and accordingly selects 
the movement details to achieve this outcome. To return to our example, we 
will select a different type of movement depending on whether we grasp the 
book in order to open and read it, to put in the bookcase, or, say, to kill a 
mosquito with it. We may even grasp the book in order to cuddle it. And in case 
our goal is to read the book, we might postpone grasping it, in order to first put 
our glasses on. The notion that action plans are guided by effector-independent 
representations of future desired outcomes calls for approaches that study 
action planning at an additional, “goal-directed” level of description.
The relevance of this approach has been emphasized even more with the 
discovery of neurons in monkey premotor cortex that fire both during 
execution of an action, and during observation of a similar action being 
performed by others (Rizzolatti et al. 1996; Gallese et al. 1996). The properties 
of these neurons indicate that the brain uses, to a certain extent, a common 
code for representing actions, independent of effectors and even generalizing 
over different perspectives. Yet, while the brain thus displays activation 
patterns that can only be understood when we move to an level that is mostly 
referred to as “ abstract”, merely applying this label is not very informative if we
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want to understand these processes. It seems implausible that our brains 
generate fully abstract representations - in the common-sense definition that 
they are completely detached from a particular object in the physical world. 
Instead, there is growing support for the notion that even “ abstract” 
representations must ultimately be grounded in embodied experiences (e.g. 
Anderson 2003). Thus, with respect to action control, a challenge for 
neuroscience lies in understanding how the brain operationalizes these more 
“ abstract” levels of description.
This thesis explores this issue across three domains: preparing individual 
actions, observing actions of others, and preparing collaborative actions. It is 
known that first- and third-person action representations show extensive 
cognitive and neural overlap (Grezes and Decety 2001; Cisek and Kalaska 2004; 
Hamilton et al. 2004; Schubotz and von Cramon 2004; Calvo-Merino et al. 2005; 
Dinstein et al. 2007). Hence, our approach allows us to study outcome-related 
aspects of actions using different types of experiments, each with specific 
assets and limitations. First, we examine how different parts of the cerebral 
motor system are involved in preparing actions aimed at immediate and more 
remote desired outcomes. Second, we assess how grasping and end-state 
components are differentially processed during observation of actions 
performed by others. Third, we study the effects of different outcome levels on 
planning cooperative actions, in particular the role of having to integrate the 
predicted action of another person into one's own action plan. Before 
describing these experiments into detail, I will provide a brief overview of the 
current knowledge on action control.
Historical perspectives on action representations
Probing the functional organization of the motor cortex
The question of how the brain generates movements has intrigued scientists 
well before modern neuroimaging techniques were developed. The first 
approaches to study movement generation in the brain were based on 
electrocortical stimulation. In the 19the century, it had been discovered that 
applying an electrical current to the neural tissue could evoke motor excitation. 
Using this method, Fritsch and Hitzig (1870) demonstrated a rough somatotopic 
organization in the frontal cortex of a dog: stimulation of adjacent cortical sites 
evoked movements in adjacent body parts. This finding was later confirmed in 
monkeys (Ferrier 1873; Woolsey et al. 1952), and in humans undergoing epilepsy
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surgery (Penfield and Welch 1951). It led to the conclusion that the primary 
motor cortex, located on the precentral gyrus, contains a “ map of muscles” 
and controls these muscles via direct projections to the spinal cord through the 
corticospinal tract (Fulton 1938). This view on the cortical control of 
movements was dominant in the early 20th century. In addition to a 
somatotopic organization in primary motor cortex, body maps were also found 
in adjacent premotor areas.
Later on, it was shown that the somatotopic map in primary motor 
cortex is, at best, very coarse and consists of largely overlapping and 
intermingled representations of body parts. Single sites within the cortical arm 
representation were shown to control movements involving multiple muscles 
and joints, rather than individual muscles (e.g. Sanes and Schieber 2001). 
Furthermore, single cell recordings in awake monkeys indicated that the activity 
of neurons in motor cortex correlates with “ high-level” kinematic parameters 
like movement direction, which requires the coordinated activity of many 
muscles (Georgopoulos et al. 1986; Caminiti et al. 1990). A clear organizational 
principle turned out to be hard to identify, given the fact that neurons in motor 
cortex seemed to be tuned to other parameters as well, like joint angle (Scott 
et al. 1997; Reina et al. 2001), velocity (Moran and Schwartz 1999), and force 
(Georgopoulos et al. 1992), and that neuronal tuning curves changed 
dynamically during different phases of a motor response (Johnson et al. 1999).
An interesting contribution came from a series of cortical stimulation 
studies that used longer stimulation trains than what was common. Stimulating 
the primary and premotor cortex of monkeys evoked complex, coordinated 
movements that seemed to be behaviourally meaningful (Graziano et al. 2002; 
Graziano et al. 2005). Different cortical regions were associated with different 
movement categories that were part of the monkey's natural repertoire, such 
as hand-mouth interactions, reaching movements, grasping movements in 
central space, and defensive movements. These findings point to a mapping 
based on ethologically relevant actions and postures. More recently, a similar 
organization has been suggested for humans (Meier et al. 2008).
The picture emerging from the data is that the motor cortex is not 
organized according to a single kinematic parameter. Rather, different 
parameter spaces may be projected onto the motor cortex. This organization 
presumably originates from the concurrent optimization of a multidimensional 
parameter space onto a 2D space (the cortex), according to the maximal 
smoothness principle, that is, minimization of axonal wiring (Aflalo and
11
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Graziano 2006; Graziano 2006). Thus, the combination of parameters being 
controlled at a time may depend on the requirements of the task at hand.
This short excursion to the functional characteristics of the motor cortex 
is not meant as an exhaustive overview, but to illustrate that even an area that 
seems anatomically suited to code low-level kinematic parameters through its 
direct projections to the spinal cord, turns out to have a remarkably more 
complex organization. If understood at all, this area represents movements at a 
fairly abstract, functional level of description - well beyond a simple body map. 
An outline of the contributions of other cerebral areas to action control will be 
given later in this introduction.
Action goals
Beside scientists who sought to elucidate the nature of motor control by 
examining the brain, philosophers have reckoned the subject of action 
representation among their domain. The notion that “ ideas” can give rise to 
motion is not new. Carpenter (1852) introduced the term ideomotor - derived 
from the terms ideo (idea) and motor (muscular action) - to refer to a process 
where a “ thought” or “ mental image” can cause a, seemingly involuntary, 
muscular reaction. The ideomotor theory that was subsequently formulated 
(Lotze 1852; James 1890) stated that individuals first learn to which perceptual 
events their movements lead (ideomotor learning), and then apply these 
associations in the reverse order: the intended perceptual outcome is used to 
select the movements to achieve them (ideomotor control). Later work by 
others elaborated on this ancient idea, suggesting that planning an action is 
guided by an anticipatory representation of its perceptual consequences 
(Greenwald 1970; Prinz 1997).
An action goal, then, can be defined as a representation of the desired 
outcome to be achieved with the action. This representation is “ abstract” in the 
sense that it is independent of the means in which the outcome is achieved. 
That is, the same action goal can in principle be achieved in multiple ways and 
by using different effectors. For instance, if we would have the intention to kill 
a mosquito with the book of our previous example, we could accomplish this 
goal in innumerable manners: by using our left or right hand, our “forehand” or 
“ backhand”, etc.
This brings us to a core principle of goal-directed action: its hierarchical 
organization (e.g. Lashley 1930; Miller et al. 1960; Vallacher and Wegner 1987; 
Keele et al. 1990). In a hierarchical system, each level comprises a set of 
subsystems, which are themselves composed of smaller units. In such a system,
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higher-level elements can modulate the activity of lower-level mechanisms. 
With respect to action control, action goals are on top of the hierarchy and can 
be distinguished from actions (movement sequences that are functionally 
integrated with the current goal (Gallese and Metzinger 2003) and from the 
low-level movements selected and combined to achieve it. Furthermore, goals 
can be represented at increasingly remote levels (e.g. Hamilton and Grafton
2006), with the more remote goals guiding the selection of immediate ones. 
For instance, the goal of grasping our book is mostly just an initial component 
of a broader action, in which the book is used to achieve a subsequent, final 
goal, like putting it in the bookcase. Thus, multiple subgoals may be selected to 
comply with a more remote action outcome.
Another central aspect of the goal states represented by an organism is 
that they have an internal value for this organism (Gallese and Metzinger 2003). 
All organisms are equipped with a drive towards homeostasis -  an urge to 
maintain a constant internal milieu within a variable environment -  indeed, to 
“ stay alive” (Bernard 1855; Cannon 1932). Maintaining a stable state thus is 
valuable to the organism. To accomplish this feat, it needs to be able to 
represent the “ self” as a stable system, an external object affecting the self, 
and the relationship between the state of the self and the object (Damasio
1999). Generating and evaluating goal representations and pursuing goals could 
be a very sophisticated version of this basic control process. Put very generally, 
a goal representation can be seen as a representation of a certain unfulfilled, 
valuable state of the organism in relation with an object, that this organism 
wants to bring about (Gallese and Metzinger 2003). Using internal 
representations of such rewarding, unfulfilled states rather than external 
stimuli to causally guide behaviour enables an animal to interact far more 
flexibly with its changing environment. Its behaviour is no longer solely based 
on reactive, but also on predictive mechanisms.
It is important to realize that although goal representations generalize 
over effectors and movements, they should be seen as intentional concepts -  
that is, they are “directed to something” . As just mentioned, the content of a 
goal representation is described by some in terms of an organism-object 
relationship (Gallese and Metzinger 2003). According to this account, the motor 
system codes (future) actions by constantly simulating this dynamic organism- 
object relationship. This implies that action execution and action imagery are 
mediated by largely overlapping neural substrates -  which is widely supported 
by evidence (see Jeannerod 2006 for an overview). Incidentally, it should be 
stressed that simulation is considered an “ agent-free” type of self-organization:
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the process does not imply any “ conscious reflexions” and is mostly unavailable 
to awareness.
A computational account of simulation processes during goal-directed 
action planning has been proposed by referring to coupled forward and inverse 
internal models (Wolpert and Kawato 1998; Johnson and Demiris 2005). Inverse 
(controller) models take the system's current state (e.g. muscle activations, or 
hand position) and the desired state (goal state) as input, and produce motor 
commands (to move the system from the current state to the goal state, given 
a certain context) as output. Forward models take as input the current state of 
the system and the output control signals (i.e., the motor commands), and 
produce as output a prediction of the next state of the system. Inverse and 
forwards models can be coupled to create a simulation process: the inverse 
model generates a motor command (given the system's current state, a desired 
end-state, and a context), and the forward model receives an efference copy 
from the inverse model. The forward model then generates a prediction of the 
resulting state and the resulting sensory feedback when the action was to be 
performed.
Behavioural evidence for the goal-directed nature of motor planning is 
ubiquitous. For instance, it has been shown that the means to grasp an object is 
typically selected in a way that allows the actor to accomplish a comfortable 
end-position, i.e., that more distal goals guide the selection of intermediate 
steps (Rosenbaum et al. 2001; Cohen and Rosenbaum 2004). In addition, 
imitation studies have shown that children tend to imitate the goal of observed 
movements, and ignore the way in which the goal is accomplished (Meltzoff 
1995; Bekkering et al. 2000). The notion that understanding others' actions is 
organized primarily around action goals is further supported by behavioural 
studies that selectively manipulated grip- and goal-related aspects of observed 
actions (van Elk et al. 2008). Furthermore, generating actions based on 
conceptual knowledge about the overall goal of an action is sometimes 
selectively impaired, as in patients with ideational apraxia. The lesions of these 
patients lead to spatial and temporal errors in executing actions on the basis of 
a pre-specified goal, although the individual movement elements may be 
performed accurately in isolation (Luria 1980). An overview of the cerebral 
structures involved in processing goal-related aspects of actions will be given 
later in this introduction.
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Perception, action and cognition -  joined at the hip
Historically, neuroscience has tended to treat sensory and motor processes as 
separate entities and hence, studied them apart. Indeed, drawing a qualitative 
distinction between the two is firmly anchored in our everyday ideas. From a 
phenomenological perspective vision may seem a passive, receptive process, 
whereas generating movements is associated with actively and voluntarily 
affecting the environment. But sensory functions in the vertebrate brain have 
only developed for the sake of transforming them into motor patterns: without 
the ability to act upon the world, having a sensory system would not make 
much sense. It is therefore plausible that the ability to perceive stimuli (and 
indeed, the fact that we have a nervous system at all) has been shaped to an 
important degree by the subsequent ability to act upon them.
A theoretical argument for the idea that action and perception rely a 
common neural code (Sperry 1952) is related to the assumption mentioned 
earlier, that planning an action is guided by an anticipatory representation of its 
perceptual consequences (Greenwald 1970; Prinz 1997). A shared neural 
substrate for perception and motor representations is an obvious prediction 
following from that theory.
Evidence for common neural mechanisms in vision and motor control has 
come from monkey studies showing neurons with bimodal properties. For 
instance, premotor area F5 contains a class of neurons, called “ canonical 
neurons”, that fire not only when a grasping action is carried out, but also when 
the monkey sees an object which it could (but does not) grasp (Gallese et al. 
1996). These neurons thus represent a link between a goal object and its 
associated motor action, suggesting that seeing an object triggers a simulation 
of grasping it. This latter idea is supported by the fact that there is a clear 
relation between the visual properties of canonical neurons and their motor 
properties. Neurons coding precision grip respond to the presentation of 
objects that require grasping with a precision grip, while neurons tuned to full 
grip are sensitive to objects requiring a full grip. This preference is independent 
of object shape or of a subsequently executed motor response (Murata et al. 
1997; Raos et al. 2006).
Several interrelated theories have elaborated on the principle of a 
common code of visual (object) perception and action representations. For 
instance, according to Gallese and colleagues (Gallese and Metzinger 2003; 
Gallese and Lakoff 2005), perception of a three-dimensional object 
automatically evokes the most suitable motor program required to interact 
with it. Hence, objects are identified and differentiated not in relation to their
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mere physical appearance, but in relation to the effect of their simulated 
interaction with the organism. Furthermore, this ongoing action simulation 
relies on the motor system and its multimodal properties. It should be noted 
that the term “ simulation” does not imply that the kinematic parameters of the 
interaction are specified in detail (e.g. Wilson and Knoblich 2005). The existence 
of action-related neurons in premotor cortex whose discharge correlates with 
the purpose of the action, and not with the movement details of the effector 
used (Rizzolatti et al. 1988), suggests that the object-organism interaction 
might be coded in higher-order terms.
A related view on the common coding of sensory and motor information 
has been proposed by Hommel and colleagues (2001). Their “Theory of Event 
Coding” states that perceiving and action planning are “ alternative ways of 
doing the same thing”, i.e., internally representing external events. These 
external events, or more precisely, interactions between these events and the 
perceiver/actor, are represented by distributed networks of feature codes, 
termed event codes. As in the previous account, the codes do not refer to 
domain- and modality-specific characteristics, like low-level sensory features or 
muscular innervation patterns. Rather, the shared code applies to “ late” 
perceptual products and “ early” characteristics of actions. That is, the codes 
refer to external events at a distal and abstract level -  with informational 
content as complex as, for instance, “ sit-on-ableness” .
Another recent view suggests a functional overlap of motor predictive 
coding (i.e., forward modelling) and perceptual predictive coding in premotor 
areas. More precisely, the involvement of premotor areas in various action 
tasks could be framed in terms of anticipatory attention to dynamic events, or 
attentional selection for potential action (Rizzolatti et al. 1987). Besides, 
premotor areas jointly represent perceptual events and the body part or action 
category with which the particular stimulus has been habitually associated, an 
idea known as the “ habitual pragmatic event map account” (Schubotz et al. 
2008). For instance, ventral premotor areas are specialized for processing the 
visual representation of objects, controlling the hand, and coding potential 
grasping acts, due to the “ default” pragmatic significance of objects for 
grasping. This view is reminiscent of the map of ethologically relevant action 
categories that was discussed earlier (Graziano and Aflalo 2007).
Beside the notion that action simulation and perceptual processes share 
a common code and rely on shared neural substrates, it has been suggested 
that simulations by the motor system might form the basis of “ cognitive” 
representations as well. Cognition has traditionally been considered a separate
16
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domain within neuroscience: the initiation and manipulation of abstract 
concepts was seen as an amodal and purely symbolic form of computation (e.g. 
Fodor 1987), contrary to sensory and motor processing. According to theories 
of embodied cognition, this view is implausible. As we have seen, the overlap 
between action imagery and action execution, and the behaviour of canonical 
and goal-tuned premotor neurons support the idea that actions, whether 
executed or not, are represented as multimodal concepts of simulated 
interactions between the individual and some object component. But apart 
from simulating our own future actions by using our sensorimotor system, 
other concepts and their inferential structure may be coded in terms of 
embodied interactions as well (Narayanan 1997). In this view, “the same neural 
structures that can move the body can structure thought” (Gallese and Lakoff
2005). Along these lines, it has also been suggested that activating a 
(phenomenal) representation of the self in relation with (i.e., selecting) a 
potential action is what makes a conscious first-person perspective emerge 
(Gallese and Lakoff 2005) - but a thorough discussion of this would make us 
float away too far from the scope of the present thesis and excellent overviews 
can be found in the literature (Fischer and Zwaan 2008; Barsalou 2008).
Conclusion
The overview above, although brief and incomplete, illustrates a gradual shift in 
ideas on how actions are represented, from an emphasis on kinematic 
parameters to an emphasis on goal-directed aspects of actions. In other words, 
the accent moved from “ coding movements” to “ coding actions” . Although it 
is not denied that our motor system, in the end, has to specify movement 
parameters resulting in muscle commands, it has turned out that several areas 
previously considered to possess only motor properties code actions in a more 
abstract, multimodal code. Furthermore, there is growing support for the idea 
that “ abstract” concepts classically regarded as “ non-motoric” might be 
embodied, being grounded into motor simulations. In this way, an action-based 
view of cognition is emerging (Jeannerod 2006), and the topic of intentional 
action is breaking through the traditional boundaries of cognitive psychology 
and neuroscience.
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Representing the actions of others
Observing others’ actions
Thus far, we have focused on processes underlying planning and executing 
one's own actions. As we have seen, the ability to select actions on the basis of 
goal representations appears to rely on simulating subject-object interactions. 
This mechanism could also apply to situations where actions of others are 
perceived. Internally simulating observed movements of others, by mapping 
these onto our own motor system would provide a neurally more plausible 
account of action understanding than generating a disembodied account of, for 
instance, the concept of grasping. In other words, our own motor system 
would be an obvious medium to establish a linkage with other agents.
Evidence for such a process at the neural level was reported in 1996, 
when it was shown that some neurons in area F5 of monkey cortex possess 
“ mirror” properties, coding both executed actions and equivalent observed 
actions (Rizzolatti et al. 1996; Gallese et al. 1996). The neurons respond 
specifically to actions in which a hand is interacting with an object: they do not 
discharge in response to the mere presentation of objects or to mimicked hand 
actions without a target object. Furthermore, not all mirror neurons have the 
same response characteristics: some are “strictly congruent”, responding only 
when observed and executed actions are performed in the exact same way, 
whereas other neurons, termed “ broadly congruent” , show responses to, for 
instance, actions which only share the same type of goal (Gallese et al. 1996). 
Interestingly, some mirror neurons also reacted to observed actions of which 
the outcome was hidden, suggesting that an internal representation of the 
action can be generated even in the absence of visual input (Umilta et al. 2001).
This discovery was important for the field of action research: it provided 
evidence that neurons in premotor cortex code actions at a level that 
generalizes over domains (perception and action) and across perspectives (the 
self and others).
Although mirror neurons were originally discovered in area F5 of the 
premotor cortex in monkeys, neurons with these properties were later also 
found in the inferior parietal lobule (Rizzolatti et al. 2001; Fogassi and Luppino
2005). The superior temporal sulcus (STS) also contains neurons responding to 
action observation, but these neurons do not discharge during action 
execution.
Later, motor areas with mirror properties were demonstrated in humans 
as well, bilaterally in the pars opercularis of the inferior frontal gyrus (IFG),
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corresponding to Brodmann Area (BA) 44, and in parts of the posterior parietal 
cortex (e.g. Fadiga et al. 1995; Grafton et al. 1996; lacoboni et al. 1999; Buccino 
et al. 2001; Koski et al. 2002; Calvo-Merino et al. 2005; Aziz-Zadeh et al. 2006; 
Dinstein et al. 2007). In humans, mirror properties can only be shown for areas, 
not individual cells. Therefore, the issue of whether patterns of response 
overlap in humans can be attributed to a single population responding to both 
execution and observation, or to separate intermingled neuron populations, is 
still a matter of debate, and studies have yielded contradictory results (e.g. 
Chong et al. 2008; Dinstein et al. 2008).
The central questions about the mirror neuron system (MNS), as the 
assembly of areas with mirror properties has been termed, are what it exactly 
simulates or represents, and what might be its function. A wide range of 
representational and functional claims has been put forward, some of which we 
will briefly discuss.
The dominant hypothesis about the functional role of mirror neuron 
system is that it is used for action understanding (Rizzolatti et al. 2001). It would 
achieve this by directly mapping the observed movements onto the own motor 
system, a mechanism known as the direct matching hypothesis (Gallese and 
Goldman 1999; Rizzolatti et al. 2001). Such an automatic motor simulation may 
subsequently allow one to recognize the goals and mental states of others, by 
accessing in one's own action system the goals that may lead to the simulated 
surface behaviour (Gallese and Goldman 1999; lacoboni et al. 2005; Gallese 
2007).
However, specifying the link between motor simulation and action 
understanding carries an obvious theoretical problem. It is true that single cell 
recordings have revealed neurons that respond to actions which are identical 
with respect to low-level motor features, which can be explained in terms of a 
direct matching process of this surface behaviour. It has also been shown that 
some neurons respond to action features in a way that can only be explained 
when one moves to an abstract (goal) level. Individual neurons, however, 
cannot be considered capable of “mirroring” the goal of the action directly 
from the observed movements (Uithol et al. 2008), much like a magical Mirror 
of Erised (Rowling 1997). Some process of interference must take place to arrive 
from the observed movements at the abstract organism-object structure, that 
is, the goals of the other person. How then, could the MNS get from simulated 
movements to inferred goals?
A common explanation is that the simulated kinematics are fed into a 
synchronous forward model, much like the way in which forward models are
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used in first-person executed movements, generating both a movement copy 
and its predicted perceptual result (Desmurget and Grafton 2000; Wolpert and 
Flanagan 2001). In this way, motor simulations based on isomorphic maps of 
one's own body are used to establish what could be the goal if one would 
perform the action. By using contextual information as a constraint, top-down 
predictions of the ongoing action are generated and fed back into the 
observational process. In some views, the primary function of this process is 
not so much that of intention understanding, but rather to speed up and 
facilitate perceptual processing (Wilson and Knoblich 2005).
Recent findings on the response properties of mirror neurons in parietal 
cortex provide an interesting perspective on this goal inference process. In this 
experiment, monkeys were trained to perform two actions with different goals 
(Fogassi and Luppino 2005): grasping an object to eat it, and grasping an object 
to place it in a container. The initial motor act of reaching-to-grasp the object 
was identical. The activity of certain neurons in the inferior parietal lobule (IPL) 
was related to a given motor act (e.g. grasping). Interestingly, most of them 
showed markedly different activation patterns depending on the final goal of 
the action sequence in which the act was embedded (i.e., eating or placing). 
Some of these "action-constrained" neurons had mirror properties and showed 
similar selective response patterns during the observation of equivalent 
actions. The model used to explain these findings is that actions are organized 
as prewired chains of (simple) motor acts belonging to an action goal. At the 
outset of a to-be-executed action, the intention is translated into a specific 
action chain. Each motor act is subsequently facilitated by the previous one. 
During observation, the final goal of an action may be inferred by activating 
these same action chains as forward models. The activated chain is used to 
predict the next steps, and hence to activate an internal representation of 
what, most likely, the other person is going to do. Importantly, this inference 
process requires top-down information about the context, for instance, coming 
from the STS and inferotemporal lobe.
Other views deem it unlikely that the MNS simulates movements at the 
motor level -  the responses of individual neurons show too little congruence to 
support a direct-matching mechanism. Rather, they propose that what is 
resonated is the abstract organism-object relationship that has already been 
inferred elsewhere (Csibra 2005).
In sum, the discovery of mirror neurons has shed new light on the neural 
implementation of domain-generic action representations. Accordingly, it may 
improve our understanding of the processes underlying first-person action
20
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control. Although both neurons responding to individual motor acts and 
neurons correlating with more abstract aspects have been observed, the issue 
of whether a direct-matching mechanisms is involved in inferring others' goals 
is still sharply debated. In any case, contextual information from other areas 
seems essential for a goal concept to be generated. Furthermore, it has been 
shown that the final goal of an action plays a crucial role in guiding the selection 
of individual motor acts, by activating successive chains of neurons.
Cooperating with others
In addition to the ability to interpret the observed behaviour of others, some 
animals have the ability and the motivation to coordinate their actions with 
those of others to reach a common goal. For instance, wild chimpanzees 
participate in collaborative hunting activities, which requires them to mutually 
coordinate their actions, anticipate on others' actions, and take and reverse 
complementary roles (e.g. Boesch 1994), although views on the exact cognitive 
requirements for these behaviours differ considerably (Tomasello et al. 2005). 
Furthermore, dolphins display playing behaviours with collaborative 
characteristics, like taking turns in pushing each other or engaging in interactive 
ball play (Kuczaj and Highfill 2005). Of course, humans frequently coordinate 
their behaviours to achieve shared outcomes, too - for instance, when folding 
up a large blanket together.
It has been proposed that more complex instances of collaborative 
activities rely on the ability of both actors to generate a shared goal 
representation (Bratman 1989; Tomasello et al. 2005; Sebanz and Knoblich in 
press). Such a shared goal representation includes both the common goal and 
the roles of the two actors, represented in a functionally equivalent way. This 
means that the actions of both actors are represented from no particular 
perspective , i.e., “from a bird's eye view”, so that in principle, roles could be 
reversed during the course of the task (Bratman 1989; Tomasello et al. 2005; 
Sebanz and Knoblich in press). The requirement to mutually adapt responses 
and to make fast corrections to the other's actions largely relies on the ability 
to anticipate on the other's action (Knoblich and Jordan 2003). Simulation 
processes are considered a key mechanism for this (Knoblich and Jordan 2003). 
By relying on the same machinery used for preparing one's own actions, a 
model of what the other is perceiving and planning can be generated: the other 
is acknowledged as an “ acting person” that pursues goals and chooses action 
plans just like oneself.
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Behavioural studies indicate that people have a strong tendency to 
automatically generate simulations of (potential) actions of others, even when 
this is not necessary for performing their own task (Sebanz et al. 2003; Ramnani 
and Miall 2004; Kilner et al. 2004). These actions seem to be represented in a 
similar way as action alternatives of one's own, as indicated by response 
interference effects and inhibitory responses (Sebanz et al. 2005; Sebanz et al.
2006). Interestingly, areas with mirror properties have been shown to increase 
their contribution during joint action tasks (Newman-Norlund et al. 2008), 
indicating that the motor simulations and representations of domain-generic 
organism-object relationships discussed above might play a substantial role in 
collaborative actions. Since neuroimaging research on joint action is relatively 
novel, more evidence on the cerebral structures involved in generating shared 
goals and integrating one's action plan with the actions of others is needed.
Cortical structures involved in visuomotor control
As we have seen, early ideas on action control were mainly derived from 
electrocortical stimulation studies and single cell recordings in monkeys, lesion 
studies, and theoretical conceptualisations based on behavioural observations. 
Over the last decades, vast advances in neuroimaging techniques have made it 
possible to study the functional characteristics of the human brain 
noninvasively. As a consequence, attempts to generalize findings obtained in 
monkeys to the human brain could be made, as well as efforts to test 
hypotheses on higher-order aspects of actions in experimental paradigms.
Below we will give a brief outline of the functional properties of cerebral 
areas involved in visuomotor control. We will confine our overview to parieto­
frontal circuits, leaving areas like the basal ganglia, cerebellum, and other 
subcortical structures out of consideration, although we are aware of their 
importance in terms of motivational aspects and fine control of movements. 
Besides, we will focus on the cerebral control of hand movements, like grasping 
objects, rather than movements with other effectors. The terminology used 
here refers to human brain areas, although functional equivalence to the 
known macaque areas is in many cases only tentative and subdivisions have 
mostly been derived from cytoarchitectonic studies in monkey brains.
Several general insights into the cortical organization of motor control 
have been established. First, motor areas do not show the same recognizable 
topographical organization as visual areas. The “ nearest neighbour principle”,
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which holds that neurons processing similar kinds of information are located 
near each other, leads to a relatively easily identifiable organization in visual 
cortex, where information from the two-dimensional retinal surface is 
projected onto the two-dimensional cortical sheet. Yet, the relevant parameter 
space in motor control seems to be multi-dimensional (Graziano and Aflalo
2007); since a multidimensional space is hard to project onto a two-dimensional 
space, the resulting pattern of cortical organization seems intermingled and 
fractured, or even “worthy of a deranged modern artist” (Graziano and Aflalo
2007), as we have described earlier in this chapter. This notion underlines that 
one should suppress the “ neophrenological” urge to localize the control of 
behavioural parameters tested in action experiments to focal areas.
Furthermore, the classic view that primary motor cortex is responsible 
for all motor output via the spinal cord, while it is being governed by 
hierarchically higher premotor and supplementary areas, turns out to be 
inaccurate: all these areas directly project to the spinal cord. Indeed, it has 
become evident that an extensive network of areas is involved in motor 
control, including parietal areas, which were previously seen as purely sensory 
association areas. As it turns out, parietal areas have motor properties: they 
contain bimodal neurons sensitive to both sensory and motor information - and 
likewise, premotor areas are capable of coding sensory information. Thus, the 
coding of kinematic and goal-directed correlates of action is not restricted to 
particular frontal or parietal areas: instead, they form integrated units that not 
only control actions, but also “ construct integrated representations of actions, 
objects used for action, and locations to which actions are directed” (Gallese 
and Lakoff 2005).
Parieto-frontal circuits
It has been proposed that visual information reaching our brain is segregated 
along two pathways: one ventral pathway, involving occipito-temporal areas, 
which codes “vision for perception”, and one dorsal (occipito-parietal) 
pathway, coding “vision for action” (Goodale and Milner 1992). Our overview 
will focus on areas within the dorsal visual stream, although information from 
ventral areas can also influence the dorsal stream areas (Jeannerod et al. 1994; 
Rossetti and Pisella 2002; Fogassi and Luppino 2005; Verhagen et al. 2008).
Motor control involves an extensive network of frontal and parietal 
areas (Passingham 1993; Kalaska et al. 1997; Passingham et al. 1998b; Kakei et 
al. 2001; Rushworth et al. 2003). Within this network, premotor and parietal 
areas are strongly connected via reciprocal connections, and accordingly, show
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functional similarity. Based on this, a further subdivision between a 
dorsomedial and a dorsolateral pathway has been made (Jeannerod et al. 
1995). The dorsomedial pathway, which includes area V6A in the occipito­
parietal fissure, the superior parietal lobule (SPL) and (caudal) dorsal premotor 
cortex (PMd), would be involved in preparing reaching movements and in 
coding the spatial position of objects in peri-personal space (Wise et al. 1983; 
Matelli and Luppino 2001; Cisek and Kalaska 2004). The dorsolateral pathway, 
on the other hand, connects the anterior part of the intraparietal sulcus (aIPS) 
with (rostral) ventral premotor cortex (PMv) and would mediate “visuomotor 
transformation for grasping”, i.e., code the shape, size and orientation of 
objects and the motor programmes for manipulating them (e.g. grasping) 
(Jeannerod et al. 1995; Toni et al. 2001). This account is referred to as the “two- 
visuomotor-channel hypothesis” (Jeannerod et al. 1995). Recently, an 
alternative interpretation of the functional properties of these pathways has 
been proposed, distinguishing them according to the degree of online control 
required for the action, versus reliance on a pre-specified movement plan (Grol 
et al. 2007). We will summarize the functional properties of parietal and frontal 
areas in some more detail below (see Fig. 1.1 for a graphical illustration of the 
anatomy of the main areas).
Posterior parietal cortex
The posterior parietal cortex (PPC) is comprised of the superior parietal lobule 
(SPL), the inferior parietal lobule (IPL), and the intraparietal sulcus (IPS), which 
separates them. Although PPC has long been regarded as a sensory association 
area (Mountcastle et al. 1975), it is now seen as a mosaic of small visuomotor 
areas with different subfunctions, according to effector and type of 
transformation (Rizzolatti and Matelli 2003). The PPC receives visual and 
somatosensory inputs. Furthermore, it contains both visual-dominant, motor­
dominant and visuomotor neurons (see Culham et al. 2006), the visually- 
dominant neurons being more concentrated in the posterior parts. .
The PPC is involved in multisensory integration for action. It encodes 
kinematic parameters like movement direction (Crammond and Kalaska 1989), 
but also spatial location (Ungerleider and Mishkin 1982) and action-related 
properties of objects, like orientation, depth, and shape (see Culham and 
Valyear 2006). While it is clearly involved in the earliest stages of movement 
preparation (Andersen and Buneo 2002), likely by computing forward models 
(Tunik et al. 2007), it also plays an important role in the online control of
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Figure 1.1 Schematic overview of the lateral premotor areas (PMd and PMv), 
primary motor cortex (M1), posterior parietal cortex (SPL and IPL), and 
supplementary motor area (SMA). Illustration by Barbara Martin, Vanderbilt 
University
ongoing movements (Balint 1909; Desmurget et al. 1999; Pisella et al. 2000; 
Grea et al. 2002).
The anterior part of the IPS (aIPS) seems specialised for coding hand­
object interactions. Neurons within this area are tuned to grip type (Baumann 
et al. 2009), and critically involved in hand preshaping (Gallese et al. 1994), and 
fast, automatic online control of grasping movements (Binkofski et al. 1998; 
Pisella et al. 2000). Besides, the aIPS reacts to the visual presentation of 
graspable objects (Grezes et al. 2003), and to haptic properties of objects 
(Ehrsson et al. 2000). It strongly reacts to tools, suggesting that it represents 
learned hand-object interactions (Culham et al. 2004).
This area is also sensitive to the observation of grasping movements by 
others (Shmuelof and Zohary 2005), suggesting that it is capable of coding 
object-organism interactions at a higher level. Moreover, aIPS is involved in 
coding the target object (e.g., an apple) of observed grasping movements, 
irrespective of the kinematic means (Hamilton and Grafton 2006). More 
generally, the PPC is capable of covertly preparing movements (independent of 
their execution) and switching “ motor attention” between intended 
movements (Rushworth et al. 1997; Thoenissen et al. 2002). Lesions may lead 
to several types of apraxia, including ideomotor apraxia, in which basic motor 
skills are intact, but actions cannot be imitated or pantomimed (Haaland et al.
2000). This indicates that the PPC is involved not only in spatially-guided
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aspects of action control (Pisella et al. 2000), but also in action control based on 
arbitrary rules (Grafton et al. 1998).
Lateral premotor cortex
The lateral premotor cortex, situated rostral to the primary motor cortex, plays 
a central role in selecting, preparing, and evaluating actions (Mars 2006). It has 
been subdivided into a ventral and a dorsal part - ventral premotor cortex 
(PMv) and dorsal premotor cortex (PMd), respectively (Barbas and Pandya 
1987; Rizzolatti and Luppino 2001). These areas are differentially connected to 
parietal areas, and hence, form networks with quite distinct functions 
(Rizzolatti and Matelli 2003).
As mentioned before, PMv is strongly connected with aIPS, forming a 
visuomotor circuit for planning and executing grasping movements (Murata et 
al. 2000; Fogassi et al. 2001). PMv seems to code actions on the basis of spatial 
information - for instance, the shape of an object to be grasped (Rizzolatti et al. 
1988; Fogassi et al. 2001; Toni et al. 2001; Umilta et al. 2007; Spinks et al. 2008). 
As we have seen, some neurons in monkey F5, the tentative homologue of 
PMv, also code higher-level aspects of actions, like the (effector-independent) 
goal of observed actions (Umilta et al. 2001; Iacoboni et al. 2005).
PMd, on the other hand, is strongly connected with the SPL and V6A, 
and is thought to be involved in actions requiring the transformation of 
arbitrary rules into motor output (Passingham 1985; Petrides 1985; Kurata and 
Hoffman 1994; Chen and Wise 1995; Cisek and Kalaska 2004). It can be further 
subdivided into a rostral part (pre-PMd) that is sensitive to stimulus properties 
with “ motor relevance” , and a caudal part coding mainly motor information 
(Barbas and Pandya 1987). The caudal part of PMd has also been associated 
with coding reaching movements to locations in peripersonal space (Burnod et 
al. 1999). Furthermore, PMd is involved in motor imagery (de Lange et al. 2005).
Thus, PMv and PMd are anatomically segregated areas with quite 
distinct functions: they can be distinguished on the basis of the type of 
stimulus-response mapping (spatial or arbitrary), and, accordingly, the 
“ preferred” class of movement. A more thorough discussion of different 
models of premotor function is given in Chapter 3.
Supplementary and pre-supplementary motor areas
The medial premotor cortex is comprised of the supplementary motor areas 
(SMA) and, more rostrally, the pre-supplementary motor area (pre-SMA).
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Whereas the SMA projects directly to M1 and spinal cord, the pre-SMA is 
connected to prefrontal areas (Luppino et al. 1993) and to PMd.
SMA is involved in holding an already specified movement online (Mars 
et al. 2008a), and in action execution. Neurons in SMA are specifically sensitive 
to motor codes, rather than visual information (Hoshi and Tanji 2004). Pre-SMA, 
on the other hand, requires more “ complex” motor acts to be activated, such 
as the question whether an object can or cannot be grasped (Rizzolatti et al. 
1990; Matelli et al. 1993) or the requirement to convert “ arbitrary” information 
into associated movements (Mars et al. 2008b). It is believed to control 
potential actions in (other) frontoparietal circuits (Rizzolatti et al. 1998), and as 
such plays a role in, action monitoring, sequencing of motor acts (Tanji and 
Shima 1996) and initiating and switching between tasks (Rushworth et al. 
2004b).
Prefrontal cortex
Areas in the prefrontal cortex are not part of the motor system, but they play a 
vital role when top-down control of actions is needed, for instance, when we 
have to choose between action plans, plan complex actions (Mushiake et al.
2006), and guide behaviour by internal states or intentions (Miller and Cohen
2001). Different sub-areas within prefrontal cortex subserve different functions, 
and it is beyond the scope of this introduction to review them all. With respect 
to motor planning, the prefrontal cortex is involved in holding sensory material 
online over temporal intervals (Rowe et al. 2000), in internally selecting and 
combining multiple (future) events (Koechlin et al. 1999) and in prospective 
memory, i.e., the maintenance of an intention over time (Burgess et al. 2001). 
Besides, it has been suggested that prefrontal areas influence the activity of 
other brain areas in response to task requirements, acting as a “gateway” to 
information flows from other areas (Miller and Cohen 2001; Burgess et al. 
2007a)
Conclusion
Research on action control is grounded in the combined efforts of scientists 
studying the functional properties of neurons in motor areas, and theorists of 
action control who based themselves on behavioural observations. It has now 
been established that action control is mediated through the parallel, 
distributed activation of an extensive network of frontal and parietal areas, 
each specialized for different types of neural computations, and hence, 
controlling different aspects of actions. It is a challenge for present-day
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neuroscientists to find out how different parts of the fronto-parietal circuit that 
has been defined, contribute to differences in behaviourally relevant aspects of 
action control, for instance, planning actions on the basis of immediate or more 
remote action outcomes. This requires the operationalization of theoretical 
concepts in well-controlled experimental paradigms. On the other hand, 
experiments on action control have to maintain a certain ecological validity, 
bearing sufficient resemblance to actions in natural contexts to yield 
meaningful results. In the next section, we will outline our efforts to meet this 
challenge in our fMRI-experiments, by adjustments in material, task setting, 
experimental design and analytical procedures.
Measuring the cerebral correlates of action control with 
fMRI
Some basic principles of fMRI
Functional Magnetic Resonance Imaging (fMRI - see Fig. 1.2) is a neuroimaging 
method sensitive to hemodynamic changes in the brain. Increased activity of 
neurons leads to increased local oxygen consumption, and an increase in flow 
of oxygenated blood to that region. This hemodynamic response is relatively 
slow, rising to a peak in 4-5 seconds, and leads to changes in the relative 
concentrations of oxyhemoglobin and deoxyhemoglobin. The MR-signal is 
sensitive to the different magnetic susceptibilities of oxygenated and 
deoxygenated hemoglobin. Hence, local metabolic changes over time can be 
assessed with fMRI and used as an estimate of neuronal activation.
FMRI experiments are designed to reveal patterns of brain activity that 
are associated with phenomena of interest (e.g., some psychological 
processes), induced by a task that the subject performs during the scanning 
session. Changes in hemodynamics that vary over time along with the 
experimental manipulation are estimated by setting up a linear model of the 
factors giving rise to the hypothesized signal changes over time, and by 
subsequently assessing, for each volumetric unit, the contribution (i.e., 
parameter estimate) of each factor to the observed variance in signal change, 
compared to the residual variance. Differential effects of experimental 
conditions on the MR signal can be tested for by assessing, for each volumetric 
unit, the significance of the contrast between the parameter estimates of these 
conditions.
28
General introduction
Figure 1.2 MRI scanner
Studying action control in the scanner -  problems and  solutions
The study of action-related processes with neuroimaging methods like fMRI is 
relatively novel, compared to other fields of cognitive science. This is largely 
due to the fact that fMRI data are extremely sensitive to motion artefacts. 
Hence, successfully studying movements with fMRI requires the subjects to, 
ironically, move as little as possible. This problem, and some further difficulties 
inherent to action research with fMRI, pose a serious challenge to researchers. 
Below, we will outline some of these problems, and our efforts to overcome 
them.
As said, fMRI data are sensitive to artefacts caused by head movements 
of the subject during scanning. They may lead to a severe drop in signal-to-noise 
ratio, even if the images are spatially realigned afterwards. But an even more 
serious problem arises when these head movements are correlated with the 
experimental task. This may happen if movements of the arm cause co­
contractions in neck muscles, leading to small head movements accompanying 
the arm movements. This causes temporal correlations between regressors 
describing the task events of interest, and nuisance regressors describing the 
realignment parameters, and hence, decreases the statistical power of the 
model. We tried to avoid this in our first and third experiments by ensuring that 
the subjects could comfortably perform the motor task by only using their 
forearm. The object manipulation tasks were designed to require relatively 
small movements of fingers, wrist and forearm. Furthermore, we stabilised the
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subject's upper arm by fitting a plastic splint around it, and firmly but 
comfortably strapping it to the scanner table, just above the elbow. We 
supported the head by using foam wedges. In addition to these preventive 
measures, we checked, for each subject, the correlation between the 
realignment parameters and the experimental timing and excluded subjects 
with high correlations from further analysis (Verhagen et al. 2006).
Beside artefacts caused by head movements, the sheer movement of a 
conductive body inside the bore of the magnet can cause global signal changes 
caused by distortion effects on the static magnetic field. We accounted for 
these global signal shifts by adding the intensity changes in white matter (WM) 
cerebrospinal fluid (CSF) and a section outside the skull (residual compartment, 
RC) as regressors to our model (Verhagen et al. 2006).
An issue related to the ecological validity of the experiment is the fact 
that in common task settings, the subject's head is in a supine position, and 
hence the subject faces the inside of the scanner bore rather than his hands. 
This is often circumvented by mounting mirrors to the head coil, but this 
introduces a mismatch between visual and proprioceptive information in the 
brain. Accordingly, the subsequent recalibration process could introduce 
confounds (Culham et al. 2003). We aimed at studying action control by 
inducing naturalistic movements in which subjects can visually guide their 
movements, involving real objects rather than joysticks and computer displays. 
We achieved this by tilting the head coil by circa 30° along the subject's sagittal 
plane. In this way, subjects could see their hands and could comfortably grasp 
and manipulate the objects. We furthermore replaced the scanner mattress by 
a thinner one to facilitate this position, and to ensure that the head was still 
close to the magnet isocentre (see Fig. 2.1).
In most fMRI experiments, subjects' responses solely consist of button 
presses, for instance, when a decision has to be made on the basis of stimuli 
presented on a computer display. However, if one is interested in the processes 
underlying the planning of object manipulations, it is essential to introduce real 
objects. In addition, it is important to be able to record the subjects' 
movements, in order to assess task performance and to have a measure of the 
exact timing of the different movement phases. This is not easily achieved, 
since one cannot make use of ferromagnetic material inside the scanner. We 
designed a non-ferromagnetic “grasping device” consisting of an object and a 
slotted box. We could vary the configuration of the slots by rotating the device, 
using a pneumatic control mechanism. Task instructions to the subject were 
given with MR-proof coloured LEDs. Importantly, non-ferromagnetic switches
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on the object and slots allowed us to record the exact timing of the different 
movement components. We used this to describe the different movement 
phases in our statistical model. In addition, these measures allowed us to test 
for behavioural effects of the experimental conditions, providing us with 
additional information on the nature of the planning processes.
A very general principle of all fMRI experiments is that the design of the 
study must permit one to distinguish between different task components. This 
means that the events of distinct conditions must be sufficiently separated in 
time or that their time courses should not be temporally correlated. If one is 
interested in isolating cerebral responses to different components of 
“ naturalistic” actions, for instance, distinguishing planning processes aimed at 
immediate versus more distant goals, or kinematic processes versus spatial 
goals, this constraint is somewhat problematic. That is, all actions are carried 
out in some manner and have a certain purpose (goal), so it is difficult to 
independently vary these components. Besides, it is important to keep the 
surface behaviour similar across conditions, so that effects cannot be attributed 
to sensorimotor differences.
There are several potential solutions to this problem. First, one can 
introduce different types of instructions to induce planning differences, while 
the performed action is the same. We applied this approach to our first and 
third experiments (see Chapter 2 and 4) to study differences in planning actions 
on the basis of immediate or remote outcomes.
Alternatively, one can refrain from studying overt behaviour and instead, 
use action observation or imagery paradigms to study the processes of interest. 
These approaches are based on the fact that processes underlying action 
planning, imagery, and action observation show extensive overlap (e.g. Fadiga 
et al. 1995; Porro et al. 1996; Jeannerod and Frak 1999; Gerardin et al. 2000; 
Grezes and Decety 2001; Cisek and Kalaska 2004; Hamilton et al. 2004; Schubotz 
and von Cramon 2004; Fadiga and Craighero 2004; Solodkin et al. 2004; Calvo- 
Merino et al. 2005; de Lange et al. 2005; Dinstein et al. 2007; Gazzola and 
Keysers 2008). By using action observation or imagery tasks, on can manipulate 
conditions without the sensorimotor confounds induced by differences in 
execution.
In this respect, an approach of particular interest is used by studies 
combining action observation with repetition suppression (RS; Grezes and 
Decety 2001; Cisek and Kalaska 2004; Hamilton et al. 2004; Schubotz and von 
Cramon 2004; Calvo-Merino et al. 2005; Dinstein et al. 2007). These paradigms 
are based on the phenomenon that repeated processing of a given feature
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leads to a reduction of neural activity in neurons tuned to that particular 
feature (Miller and Desimone 1994; Thompson-Schill et al. 1999; Henson et al. 
2000; Grill-Spector and Malach 2001; Rice et al. 2007). Repetition suppression 
(or adaptation) effects in fMRI have been shown in various domains (e.g. 
Buckner and Koutstaal 1998; Wheatley et al. 2005) and for time scales ranging 
from milliseconds to minutes or even days (Sobotka and Ringo 1996; Henson et 
al. 2000; van Turennout et al. 2000). Although adaptation has been shown on 
the neuronal level in monkeys (Li et al. 1993), the mechanisms responsible for 
fMRI adaptation are an issue of debate, since fMRI reflects the summed activity 
of large groups of neurons, measured in an indirect way. Accordingly, different 
models to account for the RS effects in fMRI have been proposed (see Grill­
Spector and Malach 2001). The effects might be caused by reduction in firing 
rate of a single neuronal population that codes the repeated stimulus feature, 
consistent with single-cell recordings. Alternatively, the effects might reflect a 
temporal shortening of neural activity, or a forward shift in peak latency when a 
stimulus is repeated (James and Gauthier 2006). Or, repeated presentation may 
lead to more efficient processing, recruiting a smaller and more selective 
neuron population, which causes a decreased MR signal (Desimone 1996). Most 
likely, the RS effects can be explained by a combination of these mechanisms, 
depending on the time-scale (Grill-Spector and Malach 2001).
We have used an RS approach in the action observation experiment 
described in Chapter 3. This approach has several advantages over conventional 
fMRI paradigms. First, it allowed us to distinguish the processing of different 
movement components of observed actions, without having to introduce 
artificial experimental delays between these components. As said, a 
conventional fMRI design does not allow one to distinguish and compare the 
hemodynamic responses associated with two subsequent movements 
combined in an action, due to their proximity in time - unless a variable 
temporal delay is imposed. Using an RS protocol allowed us to circumvent this 
problem, since each movement phase is compared with its novel or repeated 
presentation, which is similar in timing. Second, using a RS paradigm may 
effectively increase the spatial resolution, since responses within voxels are 
compared. That is, different presentations that would otherwise have resulted 
in equal fMRI-activation within a voxel may result in different levels of 
adaptation, for instance, when intermingled neuron populations within a voxel 
contribute to the MR signal.
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Outline of this thesis
This thesis is concerned with the general question how cerebral areas 
contribute to different outcome-related aspects of action control. We 
examined this in three domains: first-person action planning, action 
observation, and planning of collaborative actions. Using fMRI, we tried to 
combine well-controlled experimental designs with tasks that involved “ real 
actions”, consisting of several object-related movements integrated in a 
functional unit.
In Chapter 2, we describe an fMRI study aimed at distinguishing action 
planning based on different outcome levels. As mentioned before, immediate 
goals and final goals constitute different levels within a hierarchically organized 
system for action planning: immediate goals and movement details are selected 
to accomplish more distant goals. In most studies, action goals are studied in 
terms of target objects, i.e., the focus is on detecting processes related to a 
representation of, for instance, the grasped object. However, an object is 
typically grasped in order to do something with it. Thus, action plans can be 
distinguished according to whether they are guided by a goal in the immediate 
future or by a more distant desired outcome. The relevance of this distinction 
has been shown by behavioural evidence. Yet, neuroimaging studies 
differentiating between immediate and more distal goal levels are scarce, 
although one innovative study by van Schie and Bekkering (2007) indicates that 
action plans based on immediate or final goals measuring might be mediated by 
partly distinct neural mechanisms, as reflected by electrophysiological 
differences before and during movement execution. Using fMRI, we examined 
the cerebral correlates of preparing object manipulations instructed by either 
the desired end-state (the final goal) or the initial movement towards a target 
(the immediate goal). These actions involved similar movements, but different 
planning. By isolating differential responses to each of these planning 
conditions, we aimed to provide insights into the nature of the processes 
underlying planning at different outcome levels.
Chapter 3 describes an experiment in which we used an RS paradigm to 
distinguish grasping-related from end-state-related movement components, 
embedded in observed actions. This distinction is in line with existing models on 
the differential contributions of ventral and dorsal premotor cortex to 
sensorimotor behaviour. In our RS design, we independently manipulated the 
observed grip, the end-position of the object (independent of its spatial 
location), and the hand trajectory. By comparing novel and repeated trials for
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each of these action components, we could isolate RS effects specific to each 
of them. Thus, this study elaborated on existing models on premotor function, 
using a novel, adaptation-based approach based on observation of movements 
integrated in an overall action.
In Chapter 4, we describe a third study, in which we have investigated 
the human ability to act with others according to shared goals. We designed a 
task in which two persons engaged in real-time collaboration in the MR 
scanner. We isolated the cerebral correlates of preparing object manipulations 
either performed alone or together with a co-actor. In each condition, we 
instructed an object manipulation on the basis of either the immediate or the 
final goal. We reasoned that planning joint actions on the basis of a given final 
goal requires the integration of the co-actor's predicted action into the overall 
action plan. In contrast, planning joint actions on the basis of a given immediate 
goal, or planning solo actions, does not require the actor to adapt his own 
movement plan to the predicted response of the co-actor. With this study, we 
hoped to shed new light on the processes related to collaborative actions and 
how they are influenced by different task requirements.
In Chapter 5, we summarize and integrate the findings of these studies 
and discuss their relevance for the field of action research.
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Planning object manipulations guided by 
immediate and final goals
This chapter is based on:
Majdandzic J, Grol MJ, van Schie HT, Verhagen L, Toni I, & Bekkering H. (2007). 
The role of immediate and final goals in action planning: An fMRI study. 
NeuroImage, 37(2), 589-598.

Immediate and final goals in action planning
Abstract
To interact effectively with our environment, we need to specify the intended 
outcomes (goals) of our actions. In this process, immediate goals and final 
goals can be regarded as different levels within a hierarchically organized 
system for action planning: immediate goals and movement details are selected 
to accomplish more remote goals. Behavioural studies support this notion of 
different levels of action planning, but the neurophysiological basis remains 
unclear.
Using fMRI, we examined the neural correlates of preparing object 
manipulations based on either the desired end-state (the final goal) or the initial 
movement towards a target (the immediate goal). Subjects had to insert an 
object (consisting of a large and a small cube) into one of two corresponding 
large and small slots. The subjects were cued on either which slot to fill (Final 
Goal trials) or which object part to grasp (Immediate Goal trials). These actions 
required similar movements, but different planning.
During Final Goal trials, there was differential preparatory activity 
along the superior frontal gyrus (bilaterally) and in left inferior parietal cortex. 
Immediate Goal trials evoked differential activity in occipito-parietal and 
occipito-temporal cortex. These findings support the notion that actions can be 
planned at different levels. We show that different fronto-parietal circuits plan 
the same action, either by selecting a sequence of movements to achieve a 
desired end-state, or by selecting movements spatially compatible with given 
object properties.
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Introduction
When we perform actions in daily life, these actions are usually driven by a 
desired outcome or action goal, rather than being stereotyped responses to 
environmental stimuli (Hommel et al. 2001; Mechsner et al. 2001). Using the 
anticipated effects of our actions to guide action planning allows us to execute 
top down control (including contextual information and previous knowledge) 
over movement execution, and hence to behave flexibly and purposefully.
Once an action goal has been defined, the movement details to 
achieve that goal can be selected. Accordingly, a single action goal may be 
accomplished by multiple action means. For instance, a ball may be thrown 
either underarm or overarm to hit a certain target. This phenomenon, referred 
to as motor equivalence (Lashley 1930), suggests that specifying the intended 
end-state of an action (the goal) can be functionally distinguished from the 
processes involved in selecting the contingent movement details (the means) 
(Dehaene and Changeux1997).
The relevance of this distinction is illustrated by studies showing that 
brain lesions leading to ideational apraxia can impair the patient's conceptual 
knowledge of the overall goal of an action, leading to spatial and temporal 
errors in executing the action, although the individual movement elements may 
be performed accurately in isolation (Luria 1980). At the behavioural level, 
imitation studies provide evidence for the dominant role of goals in action 
planning, showing that children tend to imitate the goal of observed 
movements and ignore the way in which the goal is accomplished (Meltzoff 
1995; Bekkering et al. 2000).
It should be emphasized that, rather than forming a dichotomy, action 
goals and individual movements can be considered to represent different levels 
within a functional hierarchy. The notion that the motor system is organized 
hierarchically has been proposed already in the first half of the 20th century 
(e.g., (Sherrington 1947). This hierarchy implies that the motor system can be 
viewed as a “system of systems” (Weiss 1941), in which each level consists of a 
collection of subsystems, which are themselves composed of smaller units. In 
such a system, higher-level systems can modulate the activity of lower-level 
mechanisms. With respect to motor planning, the highest levels of the 
hierarchy are concerned with generating commands to achieve an action goal, 
while lower-level mechanisms translate the commands into a movement. Thus, 
action selection would involve activation of increasingly smaller elements - 
although it should be noted that this does not imply that the elements are
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activated in sequential order. This hierarchical view of the motor system is 
paralleled by its phylogenetic development, during which additional layers of 
control have developed that modify the reflexes of more ancient structures like 
the spinal cord (Gazzaniga et al. 2002).
Although the central role of action goals is widely recognized, most studies 
on action goals have focused on one type of goal, typically operationalized as 
the position or object that is the target of a single reaching or grasping act 
(Koski et al. 2002; Hoshi and Tanji 2002; Hamilton and Grafton 2006). However, 
in most daily life situations, grasping is just an initial component of a broader 
action, in which the grasped object is used to achieve a subsequent goal. For 
instance, to drink milk from a cup, the cup has to be brought to the mouth. This 
requires grasping and transporting the cup by means of specifying reaching 
parameters of the arm and selecting the appropriate hand aperture. Thus, 
multiple immediate goals may be selected to comply with a more remote action 
outcome. Indeed, behavioural studies have shown that the immediate goal of 
grasping an object is typically selected in a way that allows the actor to 
accomplish a comfortable end-position, depending on the overall goal 
(Rosenbaum et al. 2001; Cohen and Rosenbaum 2004). These findings indicate 
that action goals are selected at different levels, with the more final goals 
guiding the selection of immediate ones. Yet, little is known about the neural 
implementation of this principle in action planning.
It has been well established that spatially guided action planning involves a 
fronto-parietal network (Passingham 1993; Kalaska et al. 1997; Passingham et al. 
1998b; Kakei et al. 2001; Rushworth et al. 2003). Within this network, basic 
motor control parameters like movement direction and force are encoded in 
primary motor cortex (Georgopoulos et al. 1986), premotor cortex (Rizzolatti et 
al. 1988), and posterior parietal areas (Crammond and Kalaska 1989; Gallese et 
al. 1994). However, the same areas appear to be also involved in controlling 
more complex or goal-related aspects of action (Koski et al. 2002; Thoenissen et 
al. 2002; Mushiake et al. 2006; Hamilton and Grafton 2006). Since most studies 
typically focused on the lowest and highest levels of the proposed action 
hierarchy, it remains unclear how portions of the fronto-parietal network 
contribute to action planning from increasingly remote outcome levels.
In the present study, we assessed how the behavioural distinction between 
planning actions on different goal levels is realized in the brain. To manipulate 
these levels, we designed a task in which subjects performed object 
manipulations that were cued by either the end-state to be accomplished (the 
final goal), or the initial grip on the object (the immediate goal). We used fMRI 
to explore how areas within the fronto-parietal network are involved in
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planning these tasks. The design allowed us to compare cerebral activity 
evoked by actions that involved similar movements, but were planned 
differently.
This is the first study to systematically compare action planning according to 
different goal levels with fMRI. Manipulating these levels within the action 
selection hierarchy might enable us to identify which general neural 
mechanisms are involved when actions have to be planned on the basis of 
increasingly remote outcomes.
Methods
Subjects
Data were analyzed from sixteen healthy right-handed male volunteers (2514 
years, mean ± standard deviation). They all had normal or corrected-to-normal 
vision, and gave informed consent according to institutional guidelines of the 
local ethics committee (CMO region Arnhem-Nijmegen, Netherlands). Data 
from two other subjects were discarded because of head-movement artefacts 
during the MR scanning.
Experimental set-up
Subjects had to perform object manipulations while laying supine in the MR 
scanner. The standard mattress of the scanner bed was removed, allowing the 
subjects to lay considerably lower within the bore of the scanner. Their head 
was fitted inside a phased-array receiver head coil. The head-coil was tilted 
forward by 30° along the subject's sagittal plane (see Fig. 2.1). This set-up 
allowed the subjects to have a direct line of sight of the objects to be grasped 
and to visually control their movements. We ensured that subjects performed 
the task by moving their right forearm only. This was achieved by fitting a 
plastic splint around the elbow, and by firmly but comfortably strapping the 
arm to the scanner table. The splint constrained the rotations around the elbow 
to the plane between the home-key and the target object, minimizing the 
movements around the shoulder. The subject's head was kept in place by using 
foam wedges.
An optical response button box (MRI Devices, Waukesha, WI), positioned on 
the upper leg, served as a home-key on which subjects had to keep their hand in 
between trials. This device allowed us to record subjects' reaction times and 
total movement time.
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Figure 2.1 Experimental set-up. Within the MR-scanner, an arc-shaped device was 
placed over the subject’s hips. On this device, a rectangular box and a removable 
object were mounted. The object could be extracted and inserted into cubic slots 
of different size within the rectangular box. The head coil was tilted by 30° to 
allow the subject to visually control his movements. To ensure that subjects 
performed the task by moving their right forearm only, a plastic splint was fitted 
around the elbow, and the arm was supported with sand bags and firmly strapped 
to the scanner table. The subject’s head was kept in place by using foam wedges. 
MR-compatible switches located at various positions on the device recorded the 
time at which the object was removed from the supporting rail, the time at which 
the object was inserted into one of the slots, and the time at which the object 
was put back into the supporting rail. An optical response button box (MRI 
Devices, Waukesha, WI), was positioned on the upper leg and served as a home- 
key on which subjects had to keep their hand in between trials.
The subjects were instructed to grasp and manipulate an object consisting 
of a large red cube and a small green cube, attached to a supporting rail 
positioned in front of them. The object was held in place through an arc-shaped 
device positioned over the subject's hips inside the MR scanner (see Fig. 2.1). 
The object was positioned next to a rectangular box containing two cubic slots 
of different size and color. The subject could comfortably perform visually 
guided reaching-grasping movements towards the object, extract the object 
from the supporting rail, insert the object into one of the slots, and finally re­
position the object in the supporting rail. Crucially, the object and the slots 
were designed such that the object could be placed in the large slot only when 
it was grasped at the small cube. Analogously, the object could be placed in the 
small slot only when it was grasped at the large cube (Fig. 2.2).
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The side of the box that was not visible for the subject contained two cubic 
slots as well, but the combination of size and colour was reversed: while on one 
side of the box, the yellow slot (located above the blue slot) was large, the 
yellow slot on the other side of the box was small, still located above the blue 
slot. Which two slots were visible for the subject could be varied by rotating the 
box by means of a pneumatic mechanism.
An LED was installed in the middle of each of the two sides of the box (Fig. 
2.2). The LED could light up in red, green, blue, and yellow. The colour of the 
LED instructed the subject on the movement required to solve the task (see 
below).
MR-compatible switches located at various positions on the device recorded 
the time at which the object was removed from the supporting rail, the time at 
which the object was inserted into one of the slots, and the time at which the 
object was put back into the supporting rail. The fact that the subjects had to 
click the object back into the rail ensured that the starting position of the larger 
cube did not vary over trials.
Control of the pneumatic rotation mechanism and recording of the 
movement-related responses was carried out using a PC running Presentation 
0.81 (Neurobehavioral Systems, San Francisco, CA).
Experimental time course and procedures
During the task, in each trial subjects had to grasp the object in a certain way, 
either at the large or the small part, remove the object from the rail to put it 
into one of the two slots, and re-position the object in the supporting rail. These 
object manipulations could be cued by providing either the required end 
position of the object (the slot) or the part of the object that had to be grasped. 
An Final Goal cue typically referred to one of the two slots; it instructed the 
subject to put the object into either the blue or the yellow slot. Accordingly, 
subjects had to grasp the object in a way that allowed them to achieve this 
outcome. An Immediate Goal cue referred to the part of the object that had to 
be grasped; this could be either the red (large) part or the green (small) part. 
Subjects then had to transport the object to the slot that could be filled up 
using this grip. In this way, each action could be cued by either its Immediate or 
its Final Goal, allowing us to compare otherwise similar movements that 
differed in only this respect.
The cues were signaled using a four-colored LED. When the LED turned blue 
or yellow, it referred to the Final Goal, and the object had to be inserted into 
the blue or yellow slot, respectively. Conversely, a red or green LED referred to
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Figure 2.2  Object manipulation task. The task involved removing the object from 
the rail by grasping it at either the small (green) or large (red) part, inserting it 
into one of the slots, and placing it back into the rail. The size and shape of the 
object and the slots constrained the manipulation: when the object was grasped 
at its small part, it could only be fitted into the large slot, and when it was 
grasped at its large part, it could only be inserted into the small slot. An LED 
instructed the subjects about the slot to insert the object in (F in a l G o a l trial) or 
the object part to manipulate (Immediate G o a l trial). This design allowed us to 
manipulate the manner in which the action was planned (i.e. based on either the 
end-state of the action, or the object to be manipulated), while keeping the 
actual movements constant. The figure shows the time course from cue onset 
until inserting the object into a slot. (a) Time course of a trial in which a Fin al 
G o a l cue is given: the yellow LED instructs the subject to insert the object into 
the yellow slot. This requires the subject to grasp the object at its small part. (b) 
Time course of a trial involving an equal object manipulation, but now instructed 
with an Immediate G o a l cue. The green LED instructs the subject to grasp the object 
at its green part. This requires the subject to insert the object into the large slot. 
(c) Time course of a trial with the grasping device in the alternative orientation. A 
yellow F in a l G o a l cue is given, but now this refers to the smaller slot. The subject 
has to grasp the object at its large part to insert it into the yellow slot.
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the Immediate Goal, and the object had to be grasped at the red (large) or green 
(small) part.
Crucially, the device was rotated from time to time to ensure that colour 
and location of the Final Goal slot were unrelated to the part of the object to 
be grasped, as signaled by the Immediate Goal cue. This prevented subjects 
from using any association between Immediate and Final Goal cues as a 
strategy. Due to the alternating rotation, the small cube was on top of the large 
cube (orientation 1) in 50 % of the trials, and below the large cube (orientation 
2) in the other 50 % of the trials, which was balanced over the main conditions 
(F inal Goal, Immediate Goal).
When the LED switched on, subjects had to leave the home key as soon as 
possible, make the appropriate object manipulation, and return to the home 
key. After 6 seconds, the LED switched off, and an inter trial interval of variable 
length (1.5-6  seconds) followed. Subjects were instructed to complete their 
action before the LED switched off. The experiment was subdivided into blocks 
that had alternating orientations of the slotted box. At the beginning of each 
block, the box rotated, followed by a variable amount of time (2-7 sec), so that 
the subject could not predict cue onset. Each block contained a randomized 
number of 3 to 9 trials.
Subjects first had a training session outside the scanner (typically 15 
minutes), until error free and sufficiently fast performance was reached over at 
least 20 consecutive trials. This could be monitored by the experimenter on a 
computer screen. After the subject had been positioned into the scanner, 
another short practice session followed. The experiment consisted of a total of 
252 pseudo-randomized trials, subdivided into 42 blocks. Total scanning time 
was 45 minutes.
Behavioural analysis
For each trial, the following behavioural measures were obtained: Reaction 
time (RT; time from cue onset to release of the home key), Reaching time (ReT, 
time from release of home key to taking off the object from the side), 
Transport time (TrT, time from taking off the object to putting the object in its 
end position in the slot), and Return time (time from putting the object into its 
end position to return of the hand on the home key). In addition, it was 
recorded whether the object manipulation that was performed was correct.
RTs, ReTs, and TrTs measured during the scanning session were 
analyzed separately using SPSS Version 14.0 (Chicago, IL, USA), and considered 
independent variables of a 2 x 2 x 2 repeated measures ANOVA with main
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effects of Cue [Final Goal, Immediate Goal], Object [Large, Small], and 
Orientation of the device [1 , 2]. The number of trials was balanced over factor 
levels, although slight variations occurred due to excluded error trials. Subjects 
were considered a random factor. Alpha level was set to P=0.05.
Image acquisition
Images were acquired using a Siemens 3T Trio MRI system (Siemens, Erlangen, 
Germany), using the body coil for radio frequency transmission, and an 8- 
channel phased array surface head coil for signal reception. BOLD sensitive 
functional images were acquired using a single shot gradient EPI sequence 
(TR/TE 2.3s/40 ms, 31 transversal slices, voxel size 3.5 x 3.5 x 3.5 mm). At the end 
of the scanning session, anatomical images were acquired using an MP_RAGE 
sequence (TE/TR 3.93/2300 ms, 192 sagittal slices, voxel size 1.0 x 1.0 x 1.0 mm, 
FoV 256 mm).
Image analysis
Functional data were pre-processed and analyzed with SPM2 (Statistical 
Parametric Mapping, www.fil.ion.ucl.ac.uk/spm). The first five volumes of each 
participant's data set were discarded to allow for T1 equilibration. The image 
time series were spatially realigned using a sinc interpolation algorithm that 
estimates rigid body transformations (translations, rotations) by minimizing 
head-movements between each image and the reference image (Friston et al. 
1995).
The timeseries for each voxel was realigned temporally to acquisition of the 
middle slice. Subsequently, images were normalized onto a custom MNI-aligned 
EPI template (based on 28 male brains acquired on the Siemens Trio at the F.C. 
Donders Centre) using both linear and nonlinear transformations.
Finally, the normalized images were spatially smoothed using an isotropic 10 
mm full-width-at-half-maximum Gaussian kernel. Each participant's structural 
image was spatially coregistered to the mean of the functional images 
(Ashburner and Friston 1997) and spatially normalized by using the same 
transformation matrix as applied to the functional images.
The fMRI time series were analyzed using an event-related approach in the 
context of the General Linear Model. Single subject models consisted of 
separate regressors describing planning stages for the different levels of Cue, 
Object, and Orientation. Trial-by-trial measures of this planning stage were 
extracted from the behavioural measurements during the experiment. In 
addition, we separately modelled movement execution (split into distinct
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regressors for grasping the large and the small part of the object), rotation of 
the device, and error trials.
Each effect was modelled on a trial-by-trial basis as a concatenation of 
square-wave functions, with onsets time-locked to onset of the LED cue, and 
offsets time-locked to the release of the hand from the home key. Each of these 
12 square-wave functions were then convolved with a canonical haemodynamic 
response function and its temporal derivative, and down-sampled at each scan 
in order to generate 24 regressors modeling the main effects described above 
(Friston et al. 1995).
Head movement effects were accounted for as described in Friston et al. 
(1996) by including a Volterra expansion of the 6 rigid-body motion parameters 
as nuisance covariates (Worsley and Friston 1995), which consisted of linear and 
quadratic effects of the 6 realignment parameters belonging to each volume 
and also included spin-history effects as linear and quadratic effects of motion 
parameters in the previous volume, giving a total of 24 regressors (Lund et al.
2005).
Three further regressors, describing intensities in white matter (WM), 
cerebrospinal fluid (CSF), and residual compartment (section outside the brain 
and skull, RC) were added. This was done to account for image intensity shifts 
due to movement of the hand within the main magnetic field of the scanner 
(Culham et al. 2006; Verhagen et al. 2006).
Statistical inference
The statistical significance of the estimated evoked haemodynamic responses 
was assessed using t-statistics in the context of a multiple regression analysis. 
Contrasts of the parameter estimates for planning stages were calculated, and 
entered into a one-way, within-subjects analysis of variance (ANOVA). We were 
specifically interested in assessing effects of Cue (Final Goal, Im mediate Goal) 
on brain activity during the planning stage before movement onset. For this 
purpose, SPMs of the T statistic for these effects were created, with the 
degrees of freedom corrected for nonsphericity at each voxel.
We report the results of a random effects analysis, with inferences drawn at 
the cluster level, corrected for multiple comparisons using family-wise error 
correction (p<0.05, corresponding to a cluster extent threshold of 100 
contiguous voxels, given an intensity threshold of t > 3.5 (Friston et al. 1996)).
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Results
Behavioural performance
During scanning, the subjects performed the task accurately (average error 
rate: 1.910.5%). As illustrated in Fig. 2.3, reaction times (RTs) were shorter when 
subjects were instructed to grasp the large part of the object (main effect of 
Object: FV5=21.68; p<0.00i). Importantly, this effect was different for the two 
Cueing conditions (Cue x Object interaction: FV5=27.4i; p<0.00i), being driven 
by the Immediate G oal condition (Post hoc Paired T-test of Sm all vs. Large 
(within Immediate Goal): T15=5.19; p<0.00i (orientation 1) and T15=4.37; p=0.00i 
(orientation 2); Post hoc Paired T-test of Sm all vs. Large (within Final Goal): 
T15= -.52; p=.6i (orientation 1) and T15=-i.38; p=.i9 (orientation 2)). This indicates 
that motor planning was affected by the different spatial accuracy
1000 _
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Figure 2.3  Reaction times to the LED cue, separate for Cue (F in a l G o a l or Immediate 
G o a l) , and for the grasped Object part (Sm all or Large). F in a l G o a l cues instructed 
the subject about the required end position of the object (the yellow or the blue 
slot); Immediate G o a l cues instructed the subject about the part of the object to be 
manipulated, which could be either the red (large) or the green (small) cube. In 
this way, each potential object manipulation could be instructed by either a Fin a l 
G o a l or a Immediate G o a l cue. RTs were shorter when subjects were instructed to 
grasp the large part of the object (main effect of Object: F115=21.68; p<0.001 ). 
This effect was only observed during Immediate G o a l trials (Cue x Object 
interaction: F115=27.41; p < 0 .001; post-hoc paired T-test of Sm all vs. Large (within 
Immediate G o a l) : T 15=5. 19; p <0.001 (orientation 1) and T 15=4 .37; p = 0.001 
(orientation 2); post-hoc paired T-test of Sm all vs. Large (within F in a l G o a l) : T 15=- 
.52; p=.61 (orientation 1) and T 15= -1.38; p=.19 (orientation 2)). This indicates that 
only RTs during Immediate G o a l and not during Fin a l G o a l trials were affected by the 
different accuracy requirements of grasping the small and large part of the
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requirements of the small and large object during Im mediate Goal, but not 
during Final Goal trials. Both reaching times (ReT) and transport times (TrT) 
were longer when subjects were instructed to grasp the small part of the object 
(main effect of Object - ReT: F1j15=49.69; p<0.00i; TrT: F1j15=9.67; p<0.0i), but 
these movement parameters did not differ between Immediate and Final Goal 
trials (main effect of Cue - ReT: F1)15=.73; p=0.41; TrT: FV5=2.06; p=0.17).
Imaging data
On the basis of the behavioural data acquired during scanning, we generated a 
model of the expected BOLD signal changes evoked during task performance. 
We considered the planning stage of correctly performed trials in the four 
conditions determined by Cue (Final Goal, Immediate Goal) and Object (sm all, 
large). Furthermore, these four independent effects were distinguished from 
the execution phase of the movements, and from the few incorrect trials. The 
regressors describing planning and movement-related effects were not 
collinear; their correlations ranged from 4.7 to 26.6 %, demonstrating that 
Planning stage could be distinguished from Movement execution. In this way, 
we were able to isolate differences and commonalities in cerebral activity 
evoked during the planning stage of actions instructed either on the basis of the 
end-state to be accomplished (Final Goal), or on the basis of the part of the 
object to be grasped (Immediate Goal).
As can be seen in Fig. 2.4, execution of the manipulative movements 
evoked activity in left precentral gyrus, whereas viewing the device being 
rotated yielded extensive activity in visual areas. Preparing the manipulative 
movements evoked extensive common cerebral activity across experimental 
conditions, spanning occipital, parietal and frontal regions (conjunction analysis 
on preparation phase of the experimental conditions, see Fig. 2.5). Below we 
detail our specific findings relative to the differences in preparatory activity 
evoked during the Final and the Immediate G o al trials (Table 2.1 and 2.2). There 
was no significant Cue x Size interaction in the whole-brain analysis of the 
imaging data. Comparisons between prehension of small and large objects will 
be discussed in a separate report.
Comparing Immediate and Final Coal-related preparatory activity 
Contrasting Immediate and Final G o al trials revealed two significant clusters of 
activity, one along the dorsal portion of the occipito-parietal fissure, and the 
other along the occipito-temporal fissure (Table 2.1; Fig. 2.6). The spatial 
distribution of the occipito-parietal differential increase appears to overlap
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Figure 2.4  Statistical parametric maps corrected for multiple comparisons 
(p<0 .05) at the cluster level showing cerebral activation in (a) Left precentral 
gyrus during execution of manipulations of the Sm all or Large Object over both 
cueing conditions. (b) Bilateral occipital, parietal and temporal cortex during 
viewing rotation of the grasping device.
Figure 2.5  Common activation in the left hemisphere during preparation of 
correctly performed trials over all experimental conditions, obtained by 
conjunction of Cue (Final G o a l, Immediate G o a l) and Object (Large, Sm all). (a) 
Parameter estimates (beta/SE) in Left precentral gyrus [-34  -18  54] for F in a l G o a l 
(violet) and Immediate G o a l (orange) cued actions, separate for Large and Sm all 
Object. (b) Statistical parametric maps corrected for multiple comparisons 
(p<0 .05) at the cluster level showing common preparatory activity across 
conditions, superimposed on a rendered brain. (c) Parameter estimates (beta/SE) 
in Left calcarine fissure [-4  -78  4] for Fin a l G o a l (violet) and Immediate G o a l 
(orange) cued actions, separate for Large and Sm all Object.
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with the location of human V6A (de Jong et al. 2001; Simon et al. 2002); the 
cluster within occipito-temporal cortex seems to correspond to LOtv (Lateral 
Occipital tactile-visual region), which is part of the Lateral Occipital Complex 
(LOC) (Amedi et al. 2002).
Comparing Final and Immediate GOAL-related preparatory activity 
Contrasting Final and Immediate G o al trials revealed a series of significant 
clusters bilaterally along the superior frontal gyrus, and in the left 
supramarginal gyrus (Table 2.2; Fig. 2.7). The clusters along the superior frontal 
gyrus were anterior to human Brodmann area (BA) 6 (Eickhoff et al. 2005), 
medial to the dorsal border of BA 46 (Rajkowska and Goldman-Rakic 1995), and 
anterior to prefrontal regions involved in maintenance of sensory items over 
temporal intervals (Rowe et al. 2000). Therefore, the frontal clusters are likely 
to fall within BA 9/46d or BA 9 (Petrides and Pandya 2002). The size of the 
parietal activation prevents a unequivocal attribution of this cluster to the 
supramarginal gyrus; we cannot exclude the involvement of the angular gyrus.
Table 2.1 MNI coordinates of the clusters of activation related to the comparison 
of Immediate with Final GOAL-cued action planning. Cluster size is reported in voxels.
Anatomical region Cluster size Laterality MNI -coordinates
x y z
O ccip ito -parietal fissure 336 R 18 -72 52
O ccip ito -tem p oral sulcus 296 L -3 8 -74 -14
Table 2.2  MNI coordinates of the clusters of activation related to the comparison 
of Final with Immediate GOAL-cued action planning. Cluster size is reported in 
voxels.
Anatomical region Cluster size Laterality MNI -coordinates
x y z
Superior frontal sulcus 327 R 14 26 58
Superior frontal sulcus 320 L -1 2 38 50
Superior fro n to p o la r gyrus 282 R 16 60 20
in fe rio r parietal cortex 464 L -56 -6 6 26
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Immediate goal > Final goal
Figure 2.6  Imaging data contrasting Immediate G o a l- with Final GOAL-cued action 
preparation. (a) Effect size (beta/SE) within left occipito-temporal sulcus (-38  -74 
- 14) of Immediate G o a l- versus Fin al GOAL-cued actions, separate for grasping the 
Large and Sm all part of the object. (b) Statistical parametric map corrected for 
multiple comparisons (p<0 .05) at the cluster level showing activity that was 
stronger during preparation of correctly performed Immediate GOAL-cued than Final 
GOAL-cued trials, superimposed on a rendered brain. (c) Effect size (beta/SE) 
within right occipito-parietal fissure (18 -72  52) of Immediate G o a l- versus Final 
GOAL-cued actions, separate for grasping the Large and Sm all part of the object. 
SE=Standard Error
Figure 2.7  Imaging data contrasting Fin al G o a l- with Immediate GOAL-cued action 
preparation. (a) Effect size (beta/SE) within left supramarginal gyrus (-56 -66 26) 
of F in a l G o a l- versus Immediate GOAL-cued actions, separate for grasping the Large 
and Sm all part of the Object. (b) Statistical parametric map corrected for multiple 
comparisons (p<0 .05) at the cluster level showing activity that was stronger during 
preparation of correctly performed Final GOAL-cued than Immediate GOAL-cued trials, 
superimposed on a rendered brain. (c) Effect size (beta/SE) within right superior 
frontal sulcus (14 26 58) of Fin al G o a l- versus Immediate GOAL-cued actions, separate 
for grasping the Large and Sm all part of the Object. SE = Standard Error
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Discussion
Using fMRI, we examined the cerebral correlates of preparing object 
manipulations instructed on the basis of either a desired end-state (Final Goal) 
or an initial grasping component (Immediate Goal). The results indicate that the 
cognitive distinction that can be drawn between immediate and more remote 
action goals is reflected in both differential brain activity and behaviour.
Planning actions guided by immediate goals
Our behavioural data show that while the durations of the planning phase of 
the Immediate Goal trials were influenced by the differential accuracy 
constraints evoked by the large and small objects, the planning phase of the 
Final Goal trials was not sensitive to these accuracy constraints (Fig. 2.3). This 
indicates that movements planned on the basis of their immediate and final 
goals were prepared in a different way. More specifically, the disappearance of 
the effect of object size in the Final Goal condition suggests that in this 
condition, the action plan is generated on a level that is relatively independent 
of the spatial properties of the object. Conversely, during planning based on the 
immediate goal, the action plan might rely more strongly on these spatial 
properties.
The imaging data show increased preparatory activity for Immediate Goal 
trials in, firstly, the dorsal part of the anterior bank of the occipito-parietal 
fissure (Fig. 2.6). In macaques, this region contains area V6A (Galletti et al. 1999; 
Luppino et al. 2005), a visual area connected with V i but with neurons 
modulated by the preparation and execution of reaching-grasping movements 
(Fattori et al. 2004). Our results confirm the involvement of this region in motor 
preparatory activity (Battaglia-Mayer et al. 2001), suggesting that contributions 
of V6A to visuomotor processes might extend beyond the on-line control of 
fast responses (Rizzolatti and Matelli 2003). Rather, this region might provide 
premotor areas with visuospatial information on the shape and location of the 
to-be-grasped object before the movements unfold. This role appears 
compatible with the specific requirements of the Immediate Goal trials, as 
compared to the Final Goal trials. That is, organizing a movement on the basis 
of a given target object (Fig. 2.2) is likely to evoke a more elaborate analysis of 
the location and visuospatial features of the object. This putative cerebral 
effect has a behavioural counterpart in the sensitivity of Immediate Goal trials 
(but not Final Goal trials) to the size of the object to be grasped (Fig. 2.3).
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The second area where we observed Immediate GoAL-related activity is 
located within left occipito-temporal cortex. This area appears to correspond to 
LOtv (Amedi et al. 2002), a portion of the Lateral Occipital Complex (LOC). LOC 
is part of the ventral visual stream (Milner and Goodale 1995), and is involved in 
the perception of geometrical shape and volumetric features of objects (Amedi 
et al. 2001; Moore and Engel 2001; Amedi et al. 2002). Accordingly, lesions of 
this area may cause visual form agnosia (James et al. 2003), but no visuomotor 
deficits (James et al. 2003). LOtv responds not only to visual but also to haptic 
object information, possibly in relation to the early perceptual processing of the 
shape of graspable objects (Grill-Spector et al. 1999; Amedi et al. 2002).
These properties of LOtv seem relevant for planning Immediate Goal 
trials. As said, generating a motor plan on the basis of an initial movement 
towards a target object appears to rely more heavily on visuospatial 
information. In this process, a comparison between the visuospatial properties 
of the object to be grasped and of the slot to be filled has to be made. Since 
this comparison needs to take place before the execution of the movements, it 
might involve not only sensorimotor information on intrinsic object properties 
(processed by the Anterior Intraparietal area (AIP)) (Sakata et al. 1997; Culham 
et al. 2003; Frey et al. 2005), but also perceptual volumetric information 
(processed by LOtv). More generally, this finding confirms the notion that 
planning grasping movements relies not only on visuospatial object features 
processed within the dorsal visual stream, but also on perceptual information 
about object identity processed within the ventral visual stream (Jeannerod et 
al. 1994; Fogassi and Luppino 2005).
Planning actions guided by final goals
As mentioned before, our behavioural data show that planning times of actions 
cued by the desired overall outcome were not affected by differences in object 
size. This suggests that in this task, action planning takes place on a level that is 
relatively independent of the spatial properties of the object and slots. The 
pattern of brain activity related to this planning condition supports this view.
First, we found Final GOAL-related activity bilaterally along the mesial 
and lateral aspects of the superior frontal gyrus. This frontal region has been 
associated with planning sequences of multiple movements ahead in time, or 
more specifically, with generating action sets, defined as superordinate (rather 
than single) stimulus-response and response-response rules (Shima and Tanji 
2000; Rowe et al. 2001; Rushworth et al. 2004a). When left-lateralized, lesions 
of this area may cause action planning disturbances like ideomotor apraxia 
(Haaland et al. 2000). More precisely, these lesions may lead to failures in
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planning when this planning requires combining a number of distinct 
components and evaluate these prior to responding, or when responses 
directed towards a final goal have to be inhibited to permit intermediate steps 
(Morris et al. 1997).
These characteristics appear compatible with the requirements of the 
Final Goal trials, namely the selection of an appropriate course of action among 
many possibilities, more precisely a series of movements of which the initial 
elements are not directly evoked by the instruction cue (Fig. 2.2).
Second, we found that the left supramarginal gyrus showed stronger 
activation during Final Goal than during Immediate Goal trials (Fig. 2.7). This area 
has been associated with several aspects of action planning, including motor 
attention, defined as covertly preparing movements, independent of their 
actual execution (Rushworth et al. 2001). Lesions of this region may lead to 
ideomotor apraxia (Haaland et al. 2000), in particular, to difficulties in 
disengaging attention from a movement, or in shifting motor attention from 
one movement in a sequence to the next (Rushworth et al. 1997). This role is in 
line with the requirements of Final GoAL-directed action planning, namely the 
organization and preparation of a sequence of movements to generate an 
overall action that has to result in a given end-state (Fig. 2.2).
Interpretational issues
The design of the present experiment ensured that the subjects could not rely 
on fixed stimulus-response mappings to solve the task. We varied the 
configuration of the slots to avoid that a particular colour cue would univocally 
refer to a certain movement sequence. In other words, the movement 
sequence required by a particular colour cue depended on the momentary, 
pseudorandomly determined orientation of the device.
We minimized the possibility that our findings could be driven by motoric 
differences between Final and Immediate Goal trials: a crucial feature of the 
experiment was that the movements required to complete the object 
manipulations were similar for actions cued by their Final and Immediate Goal -  
only the type of instruction varied. This allowed us to separate brain activity 
that was due to differences in preparation from brain activity related to 
perceptual processing and movement execution.
Yet, it could be argued that our Final and Immediate Goal conditions 
differ in the amount of movement that is prepared during the planning phase. 
That is, preparation of the entire action has to be completed before movement 
onset in the Final Goal condition, whereas in the Immediate Goal condition,
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preparation of the transport phase of object towards slot might still go on after 
movement onset. However, the behavioural data do not support such an 
interpretation, since movement durations were not affected by the way the 
movement was instructed.
Conclusions
This experiment examined the cerebral implementation of the cognitive 
distinction that can be drawn between immediate and final goal levels in action 
planning. Both behavioural and imaging data support the relevance of this 
distinction, indicating that different cerebral mechanisms are involved in 
preparing actions on the basis of their desired overall end-state (final goal) or 
on the basis of a required initial target movement (immediate goal). Comparing 
preparatory brain activity during Final Goal and Immediate Goal trials showed 
that Final GOAL-cued action planning recruits bilateral frontal and left inferior 
parietal cortex, whereas Im mediate GOAL-cued planning involves right occipito­
parietal and left occipito-temporal cortex.
These outcomes show that areas in both parietal and frontal cortex 
increase their activation during the preparation of actions based on their 
desired overall outcome (F inal Goal trials). Within parietal cortex, different 
portions contribute to planning actions based on the given goal: planning based 
on the Final Goal involves an inferior parietal region (the left supramarginal 
gyrus), whereas planning based on the Immediate Goal involves the right 
occipito-parietal sulcus. This indicates that there is no clear-cut distinction 
between frontal and parietal areas in terms of their contributions to planning 
actions from a final or immediate goal level. Rather, different fronto-parietal 
circuits are involved in preparing similar actions on the basis of either 
immediate or final goals. More precisely, the finding that in our experiment, 
Final GOAL-cued preparation involves areas that have been associated with 
covertly preparing movements and planning motor sequences suggests that 
when based on a remote end-state, actions are planned by selecting and 
combining multiple movements into a sequence, a process that is not 
immediately dictated by visuospatial information. Conversely, the finding that 
Immediate GOAL-cued action preparation increases activation in areas associated 
with visuomotor processing and object perception indicates that here, action 
planning may depend relatively strongly on visuospatial information about the 
object and the slots, and involves selecting a movement spatially compatible 
with these properties. This view is further supported by the finding that the 
preparation interval of only Immediate Goal and not Final Goal trials is sensitive 
to object size.
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The distinction between final and immediate goals should be regarded 
as an experimental heuristic to manipulate different levels within the proposed 
hierarchy of action planning. Accordingly, it remains to be seen to what extent 
our specific activation pattern can be generalized to other experimental 
manipulations. Yet, our findings might justify the general claim that planning on 
increasingly higher or “abstract” levels within the goal-means hierarchy may 
require increasing abilities to represent and temporally organize multiple 
movement elements in the brain.
In sum, our findings confirm the general notion that actions may be 
planned at different levels, and provide insights into the nature of these 
differences.
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Movement-specific repetition suppression 
in ventral and dorsal premotor cortex 
during action observation
This chapter is based on:
Majdandzic J, Bekkering H, Van Schie HT & Toni I. (2009). Movement-specific 
repetition suppression in ventral and dorsal premotor cortex during action 
observation. Cerebral Cortex 19(ii):2736-2745

Repetition suppression in premotor cortex during action observation
Abstract
There are several models of premotor cortex contributions to sensorimotor 
behaviour. For instance, the ventral premotor cortex (PMv) appears to be 
involved in processing visuospatial object properties for grasping, while the 
dorsal premotor cortex (PMd) is involved in using arbitrary rules to guide 
advance motor planning.
These models have focused on individual movements. Here, we examine 
the premotor responses evoked during the processing of individual movements 
functionally embedded in an action. We tested whether processing hand-object 
interactions and action end-states would differentially engage PMv and PMd. 
We used a repetition suppression (RS) fMRI paradigm in which we 
independently manipulated the observed grip, the end-position of the object 
(independent of its spatial location), and the hand trajectory. By comparing 
novel and repeated trials for each of these action components, we could isolate 
RS effects specific to each of them.
Repeating the grasp component attenuated activity in right PMv, 
whereas repeating the end-state of the action reduced BOLD activity in the left 
PMd. These results suggest that PMv is involved in controlling the kinematic 
means of an appropriate hand-object interaction, whereas PMd is focused on 
specifying the desired end-state of an action.
59
Chapter 3
Introduction
Anatomical features indicate that the lateral premotor areas on the precentral 
gyrus of primate cortex can be subdivided into a ventral and a dorsal part - 
ventral premotor cortex (PMv or F4-F5) and dorsal premotor cortex (PMd or F2- 
F7), respectively (Barbas and Pandya 1987; Rizzolatti and Luppino 2001). This 
physiological distinction appears to have a functional counterpart in the form of 
differential contributions of PMv and PMd to sensorimotor processing and 
action selection (Rizzolatti et al. 1988; Matelli et al. 1991; Passingham et al. 
1998a; Passingham and Toni 2001; Toni et al. 2001; Raos et al. 2003; Grol et al.
2007). For instance, it has been suggested that PMd and PMv can be 
distinguished on the basis of the type of correspondence between sensory 
stimuli and motor responses. That is, sensorimotor transformations might 
follow different computational rules depending on whether they are based on 
spatial or arbitrary associations (Passingham 1993; Wise and Murray 2000; 
Shadmehr and Wise 2005). In this framework, it has been shown that PMv is 
involved in controlling movements guided by spatial information - for instance, 
the shape of an object to be grasped (Rizzolatti et al. 1988; Fogassi et al. 2001; 
Toni et al. 2001; Umilta et al. 2007; Spinks et al. 2008), while PMd is crucially 
involved in learning and performing arbitrarily instructed movements 
(Passingham 1985; Petrides 1985; Kurata and Hoffman 1994; Chen and Wise 
1995; Cisek and Kalaska 2004). A  related view suggests a distinction between 
direct and indirect sensorimotor mapping in PMv and PMd: while PMv is 
involved in processing sensory properties of a stimulus to guide movement 
planning, PMd extracts motor information from a sensory cue by way of rule 
learning (Hoshi and Tanji 2006; Hoshi and Tanji 2007). Other authors have 
pointed out a similar distinction between direct perception-action associations 
in PMv, and action selection based on arbitrary relations among physically 
distant events in PMd (Diamond 2006), extending into the auditory domain 
(Chen et al. 2008). Some models have put more emphasis on the surface 
structure of motor behaviours, stressing the differential involvement of ventral 
and dorsal premotor areas in planning distinct movement types (Jeannerod 
1988). In this framework, the involvement of PMv in hand-object interactions 
like grasping has been taken to suggest that neurons in this area represent a 
“vocabulary” of potential actions associated with intrinsic object properties 
(Rizzolatti et al. 1988; Murata et al. 1997). In contrast, the activity of neurons in 
PMd could be interpreted as coding arm movements directed to specific 
locations in space (Georgopoulos et al. 1986; Gentilucci et al. 1988; Hoshi and
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Tanji 2000; Davare et al. 2006). More recently, it has also been suggested that 
premotor areas might jointly represent perceptual events and the body part or 
action category with which this stimulus property has been habitually 
associated, an idea known as the “habitual pragmatic event map account” 
(Schubotz et al. 2008). In this view, ventral premotor areas are involved in the 
visual representation of objects, the hand, and potential grasping acts, due to 
the “default” pragmatic significance of objects for grasping. In contrast, dorsal 
premotor cortex would process spatial stimulus properties and desired action 
outcomes. These properties and outcomes would not be rigidly associated with 
a single body part, but could be flexibly combined, for instance by maximizing 
smoothness of neurally encoded features (Graziano et al. 2002).
These models of premotor function are mostly based on studies dealing 
with individual movements, i.e. movements aimed at a given goal without 
consideration for serial dependencies between multiple motor events. Yet, our 
behavioural repertoire relies on actions in which individual movements are 
integrated into a functional unit -  we don't just grasp objects, we use them. For 
instance, a cup might be grasped to drink from it, or to put it in the dishwasher. 
The present study assesses the contribution of the human premotor cortex to 
processing specific elements of various motor events embedded in a functional 
unit. Elaborating on the hypothesis that PMd might code dominant stimulus- 
response mappings across learned parameters (Toni et al. 2002; Schubotz and 
von Cramon 2004; Hoshi and Tanji 2006; Hoshi and Tanji 2007), we tested 
whether processing object-related movements defined by non-spatial object 
features would preferentially rely on PMd, over and above the known 
contributions of this region to specifying arm and hand movements in space 
(Kalaska et al. 1997; Grol et al. 2007; Verhagen et al. 2008). In contrast, we 
hypothesized that processing object-related movements guided by hand-object 
relationships would preferentially rely on PMv, over and above the 
contributions of this region to controlling arm and hand movements in space 
(Ehrsson et al. 2000; Grol et al. 2007; Verhagen et al. 2008). Crucially, we 
avoided to disrupt the temporal relationship between the individual 
movements constituting the action, and hence its functional relevance. 
Accordingly, we distinguished cerebral responses evoked by each motor 
element not by imposing artificial experimental delays between events (Toni et 
al. 1999; Hoshi and Tanji 2000; Beurze et al. 2007), but rather by making use of 
repetition suppression (RS) effects: the phenomenon that repeated processing 
of a given feature leads to a reduction of neural activity in neurons tuned to 
that particular feature (Miller and Desimone 1994; Thompson-Schill et al. 1999; 
Henson et al. 2000; Grill-Spector and Malach 2001; Rice et al. 2007). RS
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paradigms have recently been used in combination with functional magnetic 
resonance imaging (fMRI) to study the motor system during observation of 
goal-directed movements (Kable and Chatterjee 2006; Hamilton and Grafton 
2006; 2007; 2008). The use of action observation approaches to examine the 
motor system draws on the widely supported assumption that processes 
underlying action observation and execution show considerable overlap, both 
cognitively and neurally (Grezes and Decety 2001; Cisek and Kalaska 2004; 
Hamilton et al. 2004; Schubotz and von Cramon 2004; Calvo-Merino et al. 2005; 
Dinstein et al. 2007). Furthermore, RS paradigms have been successfully used to 
study movement execution, indicating that not only sensory systems, but also 
parts of the motor system are capable of decreasing their activity in response 
to repetition (Hamilton and Grafton 2009; Pellijeff et al. 2006). More generally, 
movement-related RS effects might be an instance of a broad organizing 
principle, namely the notion that the brain might specify a motor plan in terms 
of differences from the preceding movement (Rosenbaum et al. 2007).
We have used an fMRI-RS paradigm to test human subjects during 
observation of object manipulations arbitrarily instructed by colour cues (Fig.
3.1). Subjects were shown action movies where an object, consisting of two 
parts of different colour, was grasped and then inserted into one of two 
coloured destination slots (end-state). The object part to be grasped and the 
action end-state were independently instructed and selectively repeated across 
subsequent videos. Thus, the Grasp condition was defined by the particular 
hand-object relationship of the action. The Place condition, in contrast, was 
defined by the end-state of the action; this end-state was made independent of 
a specific spatial location or arm movement, since the location of the coloured 
slots was varied over trials. The object part to be grasped and the destination 
slot were instructed by two colour cues, the colours of which corresponded 
with the colours of the object and the slots, respectively. Hence, the visuo- 
visual association between the colour cues, the object parts, and the object 
destinations was nonspatial and comparable across conditions; what differed 
was whether the instruction referred to a grasping movement or to a colour- 
defined destination. By independently manipulating novel and repeated 
presentations of grasping movements and subsequent placing movements, as 
well as the hand Trajectory between the initial and final position of the object, 
we could isolate cerebral responses sensitive to these different action 
components.
62
Repetition suppression in premotor cortex during action observation
Methods
Subjects
Eighteen healthy right-handed male volunteers participated in the study (22±3 
years, mean ± standard deviation). They all had normal or corrected-to-normal 
vision, and gave written informed consent according to institutional guidelines 
of the local ethics committee (CMO region Arnhem-Nijmegen, Netherlands).
Experimental set-up and task apparatus
Subjects were lying supine in the MR scanner. The visual stimuli were projected 
onto a screen that the subjects could see via a mirror that was attached to the 
head coil. An optical response button box (MRI Devices, Waukesha, Wl), 
positioned on the upper leg, was used to record subjects' responses during the 
task. Presenting the video clips and recording the button responses was carried 
out using a PC running Presentation 10.1 (Neurobehavioral Systems, San 
Francisco, CA).
The video recordings of the object manipulations shown in the 
experiment were made with a Sony Handycam HDD DCR-SR90 Digital HDD 
Video camera. The object manipulations were performed by a right-handed 
person, using a device that was designed for this purpose (see Fig. 3.1A). The 
device consisted of a wooden box that contained two circular slots in yellow 
and blue, respectively. Attached to the box was an aluminium object consisting 
of a large red bar and a smaller green bar. Fixed to the back of the object was a 
disk of similar size as the two circular slots; in between trials, this disk was 
positioned into a third slot on the side of the box contralateral to the other 
slots, serving as a starting position for the object. The object could be removed 
from the box by grasping it at either the two ends of the larger (red) block, 
which required a nearly full extension of the actor's thumb and index finger, or 
at the smaller (green) part, which required a precision grip with the thumb and 
index finger oriented in an angle of 90° with respect to the larger grip (Fig. 
3.1B). By grasping the object using one of these grips, the object could be pulled 
out from the starting slot, transported towards one of the two coloured slots, 
and inserted into this slot by fitting the disk into it (Fig. 3.1C). Two small circular 
slots on the middle of the box, which could take different colours by 
mechanical rotation of a multi-coloured disk within the box, served as 
instruction cues. The instruction cue closest to the object could take the colours 
red and green; the instruction cue closest to the coloured slots could take the 
colours yellow and blue. By means of an electromotor, the box could be rotated
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V
Experimental device and orientations
B Object and grip types
1. Trial time course
2 . Repeated GRASP, Repeated TRAJECTORY, Novel PLACE
3 . Novel GRASP, Novel TRAJECTORY, Repeated PLACE
D Two-back washout task
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into either an oblique (30°) orientation in which the side containing the slots 
was higher than the object in the starting position (orientation 1; see Fig. 3.1AI, 
III), or an oblique orientation (-30°) in which the side containing the slots was 
lower than the object in the starting position (orientation 2) (Fig. 3.1AII,IV). These 
two orientations were designed such that, in retinal space, the position of the 
lower slot in orientation 1 overlapped with the position of the higher slot in 
orientation 2; since the object was located on the rotating axis of the box, its 
position in retinal space did not change with orientation. Hence, by varying the 
orientation of the box, the actor's hand trajectory from the object's starting 
position to the slots could be either upwards (to upper slot in orientation 1), 
horizontal, (to lower slot in orientation 1 or upper slot in orientation 2), or 
downwards (to lower slot in orientation 2).
Experimental design, time course, and procedure
Subjects were shown video clips of object manipulations performed by an 
actor. The object manipulations consisted of grasping the object and removing 
it from the box, transporting it towards one of the two slots, and inserting it
Figure 3.1 Experimental apparatus and video stimuli. (A) Experimental device, 
containing circular slots (yellow, blue) and a manipulable object (red-green), in 
four possible configurations (panel I to IV). (B) Details of the manipulable object: 
front-view (panel I) showing the large red block and the small green bar; back­
view (panel II) showing the disk to be fitted into the circular slots; view of an 
actor grasping the object at the tips of the red block (panel III); view of an actor 
grasping the object on either side of the green bar (panel IV). (C-1) Example of 
four still video frames from a single video (i.e., one trial of the experiment): the 
blue and green circles in the central portion of the device instruct the actor to 
grasp the green portion of the object and insert it into the blue slot (panel I); the 
actor grasps the object at the required part (panel II); the actor transports the 
object to the slot, following a horizontal trajectory (panel III); finally, the actor 
inserts the object into the required slot (panel IV). (C-2 ) (panel I-IV) Example of 
four still video frames from a single video trial that involves a repetition of the 
Grasp component with respect to the previous trial (C-1), i.e ., the object is again 
grasped at the green part; a repetition of Trajectory component, i.e. the path 
from initial position to end position is again horizontal; and a NOVEL Place 
component, i.e. the destination slot is now yellow. (C-3) (panel I-IV) Example of 
four still video frames from a trial that involves a NOVEL Grasp component with 
respect to the previous trial (C-1), i.e ., the object is now grasped at the red part; 
a Novel Trajectory component, i.e. the path from initial position to end position is 
now diagonal upwards; and a repetition of the Place component, i.e. the 
destination slot is again yellow. (D) Example of four scrambled images used in the 
two-back washout task.
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into the slot (Fig. 3.1CII-IV). On each video clip, the movements were preceded by 
colour cues on the box that indicated the required manipulation (Fig. 3.1CI). The 
instruction slot closest to the object indicated whether the object had to be 
grasped at the red (large) part or the green (small) part, by turning red or 
green, respectively, defining the Grasp condition. The instruction slot closest to 
the destination slots could turn either yellow or blue and, by means of 
corresponding colours, indicated the slot in which the object had to be inserted. 
This condition was labelled Place. The fact that the box could be rotated into 
two alternative orientations (Fig. 3.1A) resulted in three possible hand 
trajectories from the starting position towards the slots: a diagonal upward, 
horizontal, and diagonal downward path (condition Trajectory). Varying the 
orientation of the box in this way was done to dissociate the characteristics of 
the Place condition from a fixed location in retinal space, and from a specific 
movement path towards it.
Subjects were instructed to monitor whether the movements of the 
actor on the video were correct, that is, whether the actor grasped the object 
part and chose the destination slot as indicated by the two colour cues. As soon 
as subjects noticed that an error was made by the actor, they had to press a 
button. When an error in grasping the object was observed, subjects had to 
press a button with their right index finger; conversely, when the object was 
brought towards the incorrect slot, subjects had to press a button with their 
right middle finger.
The experiment was preceded by a 10-minutes training session outside 
the scanner and another five-minutes training inside the scanner. The 
percentage of error trials in these training sessions was high (circa 20%), to 
ensure that subjects were attentive and well-trained in detecting error trials. 
The percentage of error trials during the fMRl scanning session was kept low 
(2.3% or 6 trials). This was done to maximize the amount of trials to be used in 
the contrasts of the main conditions. The number of Grasp error trials (in which 
the object was grasped at the wrong part) and Place error trials (in which the 
object was transported to the incorrect slot) was balanced.
Each video trial lasted four seconds. During the first 800 ms, subjects 
saw the box with the colour cues that indicated the required object 
manipulation. After 800 ms, the actor's hand appeared and performed the 
object manipulation. The video clip ended once the object had been inserted 
into one of the slots (Fig. 3.1C).
In between trials, videos of the box without colour cues were shown, 
lasting three seconds. During these intervals, the box was rotated from the 
previous orientation, via a horizontal position, to the orientation of the
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upcoming trial, which could be either the same or different with respect to the 
preceding trial. On the video clips before the first trials of each block, the initial 
orientation of the box was horizontal. These rotation intervals were shown to 
give the subjects a continuous view of the device, even if it was shown in 
different orientations in subsequent trials. The box was rotated back and forth 
between trials of repeated orientation to match the amount of motion 
perceived before trials of repeated and altered orientation.
In the second half of the experiment, the videos showed the device in a 
different configuration (Fig. 3.1AmiV), in which the location of the object and the 
slots on the box, and hence the direction of the transport movement, was 
reversed, as were the colours of the upper and lower slots. This was done to 
avoid a systematic relationship between the characteristics of the Grasp and 
Place conditions and fixed parts of the visual field.
The design resulted in eight possible object manipulations per block 
(according to the 2 x 2 x 2 design of Orientation, Grasp, and Place, each with 
two levels). For instance, one of these object manipulations was to grasp the 
object at its green part (Grasp) and bring it to the blue slot (Place), with the box 
rotated upwards (Orientation) (Fig. 3.1C). For each of the eight object 
manipulations, 10 video clips were created. The same was done for the blocks in 
which the box was oriented upside-down. Although the object manipulations 
were similar, creating multiple video clips for each one ensured that subjects 
did not see identical video clips during repeated trials, but instead saw slight, 
natural variations between the movements.
Specific repetition suppression effects were elicited by systematically 
manipulating the characteristics of the required object manipulations (Grasp, 
Trajectory, and Place) over trials. A  feature could be either novel or repeated 
with respect to the previous trial, yielding two levels (Novel, Repeated) for all 
conditions (Grasp, Trajectory, and Place). For instance, the required Place 
movement in a trial could be a repetition of the Place movement in the previous 
trial, but the Trajectory and Grasp could be novel (see Fig. 3.1D). Grasp, 
Trajectory, and Place were never repeated more than once.
The experiment consisted of 28 blocks of nine video trials, generating a 
total of 252 trials. Each block was composed of nine trials of four seconds and 
nine rotation intervals of three seconds, preceding the trials, resulting in a block 
duration of circa 63 seconds. After each block, a “washout task” was 
presented. This task was included to minimize carry-over repetition suppression 
effects from the last trials of a block onto the first trials of the next block. In the 
washout task, a series of 10 scrambled images of video frames was shown in 
succession, with a duration of 2.5 seconds per image (Fig. 3.1D). Subjects had to
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Figure 3.2  Experimental time course. There were alternating blocks of action 
videos and washout trials. A block of action videos was composed of 9 successive 
trials (4 sec each). Before each trial, first the device was shown (3 sec, see Fig. 
3. 1A); at the start of each trial, the coloured instruction appeared in the central 
portion of the device (see Fig. 3. 1Q), and 800 ms later the actor started 
performing the instructed object manipulations (3.2 sec, see Fig. 3. 1C|MV). The 
subjects were asked to press a button when the actor performed a wrong 
movement (2.3% of trials). After 9 trials, and following a delay period of variable 
length (1.3 - 4.1 sec), the subjects were asked to perform a two-back memory 
task, in a washout block of 10 successive trials. In this washout block 10 successive 
scrambled images were presented (see Fig. 3. 1D), and the subjects were asked to 
press a button when the current image was the same as the one shown two trials 
before. The washout task was followed by a rest interval of variable length (3.3 -
12.1 sec) until the next video block.
perform a two-back task, that is, press a button with their right index finger if 
the image they saw was identical to the second-latest one. The video blocks 
and washout blocks were separated by delay intervals of variable length (3.3 -
12.1 sec between washout and video blocks, and 1.3 -  4.1 sec between video and 
washout blocks; Fig. 3.2).
In the experiment, the eight movements occurred with equal frequency. 
The first trial of each block was not included in the main analysis. Trials two to 
nine of each block were balanced with respect to the number of Novel and 
Repeated trials within the conditions Grasp, Trajectory, and Place, although the 
amount of Novel trials exceeded the amount of Repeated trials in each condition 
(58% Novel trials, 42% Repeated trials).
Behavioural analysis
During the experiment, button responses to error trials and the two-back task 
were recorded; the timing of these button presses was used to create a 
regressor modelling the responses. In addition, correct responses to the error 
trials (hits), were separated from incorrect responses (false alarms) or missed 
error trials (misses).
68
Repetition suppression in premotor cortex during action observation
Image acquisition
Images were acquired using a Siemens 3T Trio MRI system (Siemens, Erlangen, 
Germany). BOLD sensitive functional images were acquired using a single shot 
gradient EPI sequence (TR/TE 2.3s/40 ms, 31 transversal slices, voxel size 3.5 x 
3.5 x 3.5 mm). At the end of the scanning session, anatomical images were 
acquired using an MP_RAGE sequence (TE/TR 3.93/2300 ms, 192 sagittal slices, 
voxel size 1.0 x 1.0 x 1.0 mm, FoV 256 mm).
Image analysis
Functional data were pre-processed and analyzed with SPM2 (preprocessing 
and first-level analysis) and SPM5 (second-level analysis) (Statistical Parametric 
Mapping, www.fil.ion.ucl.ac.uk/spm). The first five volumes of each 
participant's data set were discarded to allow for T1 equilibration. The image 
time series were spatially realigned using a sinc interpolation algorithm that 
estimates rigid body transformations (translations, rotations) by minimizing 
head-movements between each image and the reference image (Friston et al. 
1995).
The time series for each voxel was realigned temporally to acquisition of 
the middle slice. Subsequently, images were normalized onto a custom MNI- 
aligned EPI template (based on 26 male brains acquired on the Siemens Trio at 
the Donders Institute) using both linear and nonlinear transformations.
Finally, the normalized images were spatially smoothed using an 
isotropic 10 mm full-width-at-half-maximum Gaussian kernel. Each participant's 
structural image was spatially coregistered to the mean of the functional 
images (Ashburner and Friston 1997) and spatially normalized by using the 
same transformation matrix as applied to the functional images.
The fMRI time series were analyzed using an event-related approach 
in the context of the General Linear Model (GLM). In this approach, each trial 
(corresponding to an action video clip) was modelled as one event. Thus, one 
event encompassed both the grasping and placing movement components. 
Due to their proximity in time, the two subsequent movements are not 
distinguishable in terms of BOLD response using a conventional fMRI design 
and hence they cannot be directly compared. Using an RS protocol allowed us 
to compare each movement phase with its novel or repeated presentation, 
which are similar in timing. A consequence of this procedure is that time 
courses describing the late and early movement phases of a trial cannot be 
statistically discerned within our model. Single subject models consisted of 
eight separate regressors describing observation of the object manipulation 
videos, according to a 2 x 2 x 2 design with levels (Novel, Repeated) on the
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factors Grasp, Trajectory, and Place. The first trial of each observation block 
was modelled by a separate regressor. The duration of each observation trial 
was four seconds, corresponding to the length of the video clips. In addition, 
we modelled the washout blocks (duration 10 seconds). Error trials and button 
responses (both responses to the washout task and false alarm button presses 
during the action observation task) were combined into a separate regressor: 
onsets of button responses (during both video and washout blocks) were 
derived from the recordings and responses were assigned a fixed duration of 
one sec. The regressor included also error trials not detected by the subject 
(misses), in order to remove these from the main analysis; onset of these 
undetected errors was set to two seconds after onset of the video clip, with a 
duration of one sec. The videos of the rotating box preceding the trials were 
considered baseline and not modelled separately.
Each effect was modelled on a trial-by-trial basis as a concatenation of 
square-wave functions. Each of these 11 square-wave functions were then 
convolved with a canonical hemodynamic response function and its temporal 
derivative, and down-sampled at each scan in order to generate 22 regressors 
modelling the main effects described above (Friston et al. 1995).
Head movement effects were accounted for as described in Friston et al. 
(1996), by including a Volterra expansion of the six rigid-body motion 
parameters as nuisance covariates (Worsley and Friston 1995), which consisted 
of linear and quadratic effects of the six realignment parameters belonging to 
each volume, and also included spin-history effects as linear and quadratic 
effects of motion parameters in the previous volume, giving a total of 24 
regressors (Lund et al. 2005).
Statistical inference
The statistical significance of the estimated evoked hemodynamic responses 
was assessed using t-statistics in the context of a multiple regression analysis. 
For each subject, six contrasts of the parameter estimates for observation of 
the object manipulation videos were calculated (Grasp Novel (Gn), Grasp 
Repeated (Gr), Trajectory Novel (Tn), Trajectory Repeated (Tr), Place Novel (Pn), 
and Place Repeated (Pr)), and entered into a Multiple Regression analysis to 
assess effects at the group level, considering each subject as a random variable.
In our main analysis, we were specifically interested in assessing, for 
each factor, the differential effects of novel versus repeated processing of 
actions, as compared to other factors. That is, we aimed to isolate brain areas 
that showed a decreased response during repeated presentations of one factor 
(as compared to novel presentations), but no decreased response to
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repetitions (as compared to novel presentations) of the other factors. 
Therefore, RS effects evoked by each factor were independently estimated 
[i.e., Grasp (Gn - Gr), Trajectory (Tn - Tr), and Place (Pn - Pr)], and significance 
was assessed within those voxels showing between-conditions differential RS 
effects. For instance, search of RS effects to Place (Pn - Pr) was confined to 
voxels with significant (p<0.05) RS X condition interactions (i.e., [(Pn - Pr) - (Gn - 
Gr)], and [(Pn - Pr) - (Tn - Tr)]. In this way, we isolated RS effects specific to a 
given factor by means of a formal and direct comparison with other conditions.
We report the results of a random effects analysis, with inferences 
drawn at the voxel level, corrected for multiple comparisons using family-wise 
error (FWE) correction (FWE < 0.05), and degrees of freedom corrected for 
nonsphericity at each voxel (Friston et al. 1996). Since we were specifically 
interested in the responses within dorsal and ventral precentral areas, we 
created a Region of Interest (ROI) that included bilateral BA 6 (Geyer 2003) and 
BA 44 (Amunts et al. 1999), using the SPM Anatomy Toolbox (Eickhoff et al.
2005). Furthermore, to formally test whether the effects we report were 
lateralized to one hemisphere, we assessed the relevant task x hemisphere 
interactions, using a repeated measures GLM to compare beta values of 
condition-specific RS effects at a given local maximum and at the contralateral 
location.
We performed two further post-hoc group-level analyses. First, to assess 
the global pattern of cerebral responses to the observation of the action 
movies, we contrasted (over the whole brain) the BOLD responses evoked by 
these movies to the responses evoked by the two-back washout task. Second, 
to assess the presence of generic repetition suppression effects (i.e. RS effects 
that did not differentiate between conditions -  see main analysis), we 
contrasted (over the whole brain) the BOLD responses evoked by Novel and 
Repeated trials across conditions (i.e. Grasp, Place, and Trajectory). Since 
previous RS studies that distinguished action kinematics, object goals, and 
outcomes during action observation have yielded effects in posterior parietal 
areas (Hamilton and Grafton 2006; 2007; 2008), we also confined this post-hoc 
analysis to Volumes of Interest (VOIs) centered around the coordinates 
reported in those studies, i.e. spheres with a 10 mm radius around the following 
coordinates: left anterior intraparietal sulcus [-52 -32 44 (Hamilton and Grafton
2006); -52 -20 38 (Hamilton and Grafton 2007)]; and right inferior parietal lobule 
[58 -30 32 (Hamilton and Grafton 2008)]. Within each VOI, we tested for both 
generic RS effects and condition-specific RS effects (see main analysis).
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Anatomical inference
Anatomical details of significant signal changes were obtained by 
superimposing the relevant SPMs on the structural images of the subjects. The 
atlas of Duvernoy (1999) was used to identify relevant anatomical landmarks. 
When applicable, Brodmann Areas (BA) were assigned on the basis of the SPM 
Anatomy Toolbox (Eickhoff et al. 2005).
Results
Behavioural performance
The subjects were attentive to the Grasp and Place movements performed by 
the actor, detecting on average 95% of the observed erroneous object 
manipulations (i.e., 5% misses), with 1.4% of false alarms.
Imaging data
Main analysis - specific RS effects
RS effects evoked by Grasp but not by Trajectory and Place were found in the 
right inferior frontal cortex (64 10 4; Fig. 3.3, Table 3.1). This response was 
assigned with 50% probability to BA 44 (Amunts et al. 1999; Eickhoff et al. 2005) 
being anterior to the inferior part of BA 6, and was classified as ventral 
premotor cortex (PMv) (Rizzolatti et al. 2002). Formal testing of the RS effect x 
hemisphere interaction revealed that this cluster showed a strong tendency for 
being lateralized to the right hemisphere ^1,17=4.13; p=0.06).
RS effects evoked by Place, but not by the other conditions were found 
over the left dorsal precentral cortex (-24 -14 62) (Fig. 3.4, Table 3.1). This cluster 
fell within the 50% probability border of Brodmann area (BA) 6 (precentral 
gyrus) and was classified as dorsal premotor cortex (PMd) (Geyer 2003). Its 
maximum was located circa 15 mm anterior to the centre of 
cytoarchitectonically defined BA 4a and 4p within M1 (Geyer et al. 1996), 
suggesting that the cluster may correspond to the rostral portion of PMd, 
known as pre-PMd (Picard and Strick 2001). Formal testing of the RS effect x 
hemisphere interaction revealed that this cluster was lateralized to the left 
hemisphere (F1,17=4.35; p=0.05). There was also a second, smaller cluster of 
activity in dorsal precentral cortex (-32 -13 52), along the left precentral sulcus.
There were no significant RS effects specifically evoked by Trajectory, 
over and above those evoked by Grasp or Place.
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RS Effects of Grasp
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Figure 3.3  Differential repetition-suppression (RS) effects following repeated 
processing of Grasp. Statistical parametric map (A) and effect size of differential 
RS effects in the left (B) and right (C) hemisphere. There were larger RS effects 
during repeated processing of Grasp than Trajectory or Place in the ventral 
premotor (PMv) cortex in the right hemisphere. Panel A shows the results of a 
random effects analysis, superimposed on a rendered representative brain of the 
MNI series. Panel B shows the effect size (in standard error (SE) units) of the 
repetition suppression effect (i.e. Novel vs Repeated trials) estimated for each 
movement component (i.e., Grasp, G; Trajectory, T, and Place, P) in right PMv. 
Panel C shows the effect size (in SE) of the RS effects in the contralateral 
coordinate in left PMv. As can be seen, the RS effects to Grasp are lateralized to 
the right hemisphere.
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Figure 3.4  Differential repetition-suppression (RS) effects following repeated 
processing of Place. Statistical parametric map (A) and effect size of differential 
RS effects in left (B) and right (C) hemisphere. There were larger RS effects during 
repeated processing of Place than Grasp or Trajectory in the dorsal premotor 
(PMd) cortex of in the left hemisphere. Panel A shows the results of a random 
effects analysis, superimposed on a rendered representative brain of the MNI 
series. Panel B shows the effect size (in standard error (SE) units) of the repetition 
suppression effect (i.e. Novel vs Repeated trials) estimated for each movement 
component (i.e., Grasp, G; Trajectory, T, and Place, P) in left PMd. Panel C shows 
the effect size (in SE) of the RS effects in the contralateral coordinate in right 
PMd. As can be seen, the RS effects to Place are lateralized to the left 
hemisphere.
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Activity related to action observation
Fig. 3.5 shows the overall activity related to observing the action movies, over 
and above performing the two-back task. Observation of the colour cues and 
subsequent movements in the action videos evoked activation within a 
distributed parieto-frontal network.
Generic RS effects
We also assessed whether the action observation task induced any generic 
repetition suppression effects in our subjects, by contrasting Novel with 
REPEATED Grasp, Place, and Trajectory trials. Whole-brain analysis revealed 
significant voxels (FWE corrected for search volume, p=0.048) within the right 
occipital cortex (local maximum at 28 -86 -12). VOI-based analysis centred on 
previously reported action-related RS effects within the parietal cortex 
(Hamilton and Grafton 2006; 2007; 2008) revealed significant voxels (FWE 
corrected for search volume, p<0.05) in the left anterior intraparietal sulcus 
(local maxima at -44 -28 40; -44 -24 36; and -44 -26 44;). Fig. 3.6 illustrates the 
spatial distribution and the RS effects estimated in these regions. It can be seen 
that these RS effects do not differentiate between Grasp, Place, and Trajectory. 
There were no supra-threshold condition-specific RS effects within the inferior 
parietal VOIs based on previous reports (2006; H&G 2007; 2008).
Table 3.1 MNI coordinates of the clusters of activation showing differential 
Repetition Suppression to Grasp and Place, obtained by comparison of Novel versus 
Repeated trials. All results are corrected for multiple comparisons across the search 
volume using a FWE-correction method with a threshold of d<0 .05.
Movement Anatomical region Laterality MNI-coordinates T-value p-value
component
x y z
Grasp Inferior frontal cortex (PMv) R 64 10 4 4.2 0.038
Place Precentral cortex L -32 -12 44 4.3 0.029
Place Precentral cortex (PMd) L -24 -14 62 5.0 0.003
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Action observation > two-back task
Figure 3.5  Cerebral effects of observing the action videos, as compared to 
performing the two-back memory task during the washout trials. Statistical 
parametric maps of significant (p<0 .05, corrected for multiple comparisons) 
differential effects between observing action videos and scrambled images. There 
were effects, bilaterally, in occipital, parietal and frontal areas.
Generic RS effects
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Figure 3.6  Generic repetition suppression effects following repeated processing of 
the action videos, irrespectively of movement component. Statistical parametric 
map (A) and effect size (B) of RS effects that did not differentiate between 
movement components. Significant effects could be found across the cerebral 
cortex. Panel A illustrates the results of a random effects analysis (p<0 .05, 
corrected for multiple comparisons) superimposed on a rendered representative 
brain of the MNI series. Panel B illustrates the effect size (in standard error (SE) 
units) of the repetition suppression effect (i.e. Novel vs Repeated trials) estimated 
for each goal level (i.e., Grasp, G; Trajectory, T, and Place, P) within Volumes of 
Interest (10 mm radius) centred around the left anterior intraparietal sulcus (IPS; - 
52 -32 44 and -52 -20 38), i.e. at coordinates previously reported to be involved in 
processing action goals (Hamilton & Grafton 2006; 2007).
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Discussion
In the present study we examined the premotor responses evoked during the 
observation of distinct motor elements combined into goal-directed object 
manipulations. We have used a repetition suppression protocol (Grill-Spector 
and Malach 2001) to isolate reductions in neuronal activity evoked by repeated 
processing of movement components related to either a grasping movement 
(Grasp) or to positioning the grasped object on a colour-defined destination 
(Place). These movement components could be independently varied and were 
combined into meaningful actions. Repetition of the type of hand-object 
interaction (Grasp) reduced the response of a ventral precentral region of the 
right hemisphere. Repetition of the end-state of the action (Place) reduced the 
response of the left dorsal precentral cortex. These findings support the notion 
that the ventral and dorsal portions of the human precentral gyrus process 
different action features. Namely, PMv appears to be involved in processing 
sensory properties of a stimulus to guide movement (Hoshi and Tanji 2006; Grol 
et al. 2007), whereas PMd extracts learned stimulus-response mappings, 
irrespectively of the spatial characteristics of the movements (Toni et al. 2001; 
Hoshi and Tanji 2006).
Grasping
The repeated processing of trials with the same Grasp revealed RS effects in the 
ventral portion of the precentral gyrus (Fig. 3.3), i.e. in the same region known 
to be involved in preparing reaching-grasping movements (Toni et al. 2001). 
These effects were differential in nature, suggesting that this region is 
specifically involved in processing an instructed goal (the part of the object to 
be grasped) that is spatially and temporally contiguous to the movement (the 
grip to use). In other words, the common features processed across repeated 
presentations of Grasp trials are related to the visuospatial properties of the 
grasped object part. This interpretation is consistent with the general notion 
that this portion of the motor system is involved in specifying spatial 
parameters of hand movements (Gentilucci et al. 1988; Kakei et al. 2001; 
Shadmehr and Wise 2005). The PMv involvement in processing GraspS might 
also be seen as an instance of the ability of the ventral frontal cortex to identify 
stimuli and responses that are behaviourally relevant in the immediate future 
(Corbetta and Shulman 2002).
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Placing
The RS effects evoked by processing of trials with a repeated Place movement 
were localized in the dorsal portion of the precentral gyrus [pre-PMd, (Picard 
and Strick 2001)]. These RS effects were differential in nature, i.e., stronger 
following repeated presentation of actions with the same final destination than 
following repeated presentation of actions with the same type of grasping 
movement or hand trajectory. Accordingly, we infer that these differential RS 
effects isolate those premotor areas involved in specifying the features of the 
end position of the action, irrespectively of the initial grasping movement and 
of the movement between the initial and end position of the object.
Due to the fact that the orientation of the box was varied over trials (Fig.
3.1), the common features processed across repeated presentations of Place 
trials are related to the colour and the object-centred position of the target 
slot. Accordingly, the RS effect in pre-PMd was largely abstracted from 
visuomotor properties. This confirms the notion that the role of PMd in action 
selection goes beyond its ability to code the spatial parameters of reaching 
movements. Rather, our findings are in line with the idea that the PMd might 
represent the “pragmatic meaning” of an action, that is, a movement- and 
effector-independent representation of its desired end-state (Schubotz et al. 
2008). More generally, the results are consistent with the known ability of the 
dorsal frontal cortex to manipulate abstract representations of stimuli and 
responses to select actions on the basis of future expectations (Petrides 2005; 
Koechlin and Summerfield 2007; Mars et al. 2008b).
Interpretational issues
Differently from previous studies using RS paradigms (Lehky et al. 2006; 
Hamilton and Grafton 2006; Mahon et al. 2007; Hamilton and Grafton 2007; 
2008), the present experiment was explicitly designed to induce planning of the 
required movements in subjects. First, the colour cues indicating the required 
manipulations were presented in advance of the action movie; second, subjects 
were asked to judge the correctness of the observed actions on each trial. The 
high detection rate of violations of the arbitrary sensorimotor mappings and 
the activation of a distributed parieto-frontal network during observation of the 
instruction cues and subsequent movements (Fig. 3.5) suggest that the 
observed actions induced first-person sensorimotor processes.
The present findings might appear at odds with recent results using a 
similar RS-fMRI approach (Hamilton and Grafton 2006; 2007; 2008). In those 
studies, action outcomes were differentiated according to their outcome level 
(from immediate to final). It was shown that repeated processing of the target
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object of a grasping act (“object goal”) evoked RS effects in the left anterior 
IPS (Hamilton and Grafton 2006; 2007), whereas repeated processing of the 
physical outcome of the action (for instance, an opened box) produced RS in 
right IPL (Hamilton and Grafton 2008). This discrepancy is likely related to 
differences in the analytical procedures: the parietal effects reported by 
Hamilton and Grafton were observed by assessing general RS effects evoked by 
a given outcome level, irrespectively of RS effects evoked by other outcome 
levels. In contrast, here we have isolated specific (i.e. differential) RS effects 
between different movement components. Accordingly, we could replicate the 
presence of general RS effects in VOIs centred around the coordinates reported 
by Hamilton and Grafton, but we did not find any Grasp- or Place-specific RS 
effects in those VOIs (Fig. 3.6). These results suggest that RS effects previously 
reported in inferior parietal cortex might reflect overlapping responses to 
different outcome levels rather than outcome-specific responses. This is not to 
deny that other portions of posterior parietal cortex might process action plans 
at specific outcome levels. For instance, we recently reported that the posterior 
part of the left supramarginal gyrus showed stronger preparatory activity when 
actions were cued with their final goal than with their immediate goal 
(Majdandzic et al. 2007). Furthermore, in the present study, a whole brain 
analysis of the RS-effects specific to the Place condition revealed a small cluster 
in the left superior parietal lobule (SPL; 24 -52 68). The issue of whether 
posterior and inferior portions of parietal cortex might have different roles in 
processing action targets and outcomes remains a subject for future research.
It might be argued that the present RS effects might be due to different 
oculomotor or attentional demands between Place and Grasp. For instance, 
although the spatial location of the Place target (across Repeated trials) was 
dissociated from a specific location in the visual field, it remained invariant with 
respect to the experimental device (Fig. 3.1D), raising the possibility that the RS 
effects observed in Place are driven by object-centred attentional phenomena 
(Olson 2003). In addition, in macaques the pre-PMd, or F7 (Matelli et al. 1991), 
includes the Supplementary Eye Fields (SEF) (Schall 1991; Picard and Strick 
2001), a region crucially involved in object-centred attention (Olson 2003). 
However, this interpretation is not compatible with the left-lateralized 
characteristics of the RS effects (Fig. 3.4), and with the spatial mismatch (> 20 
mm) between the putative location of human SEF and the present pre-PMd 
cluster (Luna et al. 1998; Grosbras et al. 1999; Merriam et al. 2001).
The lateralization to the left hemisphere of the Place effects in PMd might be 
driven by the fact that we scanned right-handed subjects observing right hand 
movements. Yet, this explanation is not compatible with the right-hemispheric
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lateralization of the RS Grasp effect in PMv. In fact, the pattern of lateralized 
effects we observed fits with previous reports indicating that the left premotor 
cortex is distinctively involved in selecting and preparing instructed motor 
responses involving either hand (Schluter et al. 1998; Verstynen et al. 2005; de 
Lange et al. 2006). The right-lateralized effect in PMv is congruent with 
previous reports indicating that the right premotor cortex seems privileged in 
integrating visuomotor information for spatially guided movements of either 
hand (Toni et al. 2001; Wenderoth et al. 2006).
Conclusions
In the present study, we have tested whether distinct, successively performed 
movement components of an observed action evoke differential responses in 
ventral and dorsal premotor areas. Rather than studying individual movements 
in isolation, our experiment examined motor events embedded in a functional 
context, using an RS protocol. Having controlled for the effects of repeated 
processing of arm movements, we show that processing hand-object 
interactions was associated with increased involvement of PMv, whereas 
processing the movement end-position was associated with activity in PMd.
Our findings suggest that dorsal and ventral premotor cortex can be 
distinguished on the basis of their ability to specify a desired end-state of an 
action, and to control the kinematic means of an appropriate hand-object 
interaction. This categorization appears to reconcile some of the existing 
models of premotor function, i.e. the notions of direct vs. indirect sensorimotor 
mapping (Hoshi and Tanji 2006; Hoshi and Tanji 2007) spatially-guided vs. 
arbitrarily-instructed movements (Passingham 1993), and grasping vs. reaching 
selection (Jeannerod 1988). We suggest that these dichotomies can be seen as 
instances of a general distinction between processing actions according to 
immediate or remote outcomes (Majdandzic et al. 2007). It remains to be seen 
whether this distinction generalizes across movements different from 
prehension, and across different effectors.
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Simulating others' future actions during 
planning of outcome-based collaborative 
actions

Simulating others’ actions during planning of collaborative actions
Abstract
The ability to simulate future actions of oneself and others is considered crucial 
for planning collaborative actions, and has been associated with the mirror 
neuron system (MNS). However, studying the neural mechanisms of 
collaborative actions is troubled by a lack of ecological validity and 
sensorimotor confounds related to directly comparing solo and joint actions. 
We designed a task in which two persons engaged in real-time collaboration in 
the MR scanner. We isolated the cerebral consequences of preparing object 
manipulations either performed alone (SOLO) or together with a co-actor 
(JOINT), and instructed on the basis of either an initial grasping component 
(Immediate Goal) or a desired end-state (F inal Goal). By contrasting goal-related 
BOLD differences within the Solo and Joint conditions, we were able to isolate 
cerebral responses specific to Solo and Joint actions, while avoiding a direct 
comparison between them. We reasoned that planning Joint actions based on 
a required Final Goal would involve simulation of the upcoming action of the 
co-actor to integrate it into the overall action plan. This can be contrasted with 
Immediate Goal actions, when the participant does not have to adapt his own 
movement plan to the predicted response of the co-actor. Our findings indicate 
that during planning of Joint actions instructed with their Final Goal, areas in 
the left ventrolateral and anterior prefrontal cortex increase their 
contributions. These results confirm that the requirement to incorporate the 
future movements of the co-actor (Joint Final Goal condition), rather than 
one's own future movements (Solo Final Goal condition) into a shared action 
plan, leads to increased anticipatory simulation in MNS areas. In addition, and 
unlike common views of joint action, our findings show that generating a 
shared goal representation also strongly relies on anterior prefrontal cortex.
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Introduction
Over the last decades, accumulating evidence has shown that planning actions, 
perceiving actions performed by others, and action imagery rely on a common 
representational domain (e.g. Fadiga et al. 1995; Porro et al. 1996; Jeannerod 
and Frak 1999; Gerardin et al. 2000; Grezes and Decety 2001; Cisek and Kalaska 
2004; Hamilton et al. 2004; Schubotz and von Cramon 2004; Fadiga and 
Craighero 2004; Solodkin et al. 2004; Calvo-Merino et al. 2005; de Lange et al. 
2005; Dinstein et al. 2007; Gazzola and Keysers 2008). The notion that 
observing, expecting or imagining an action increases the (involuntary) 
tendency to perform that action, was expressed as early as 1852 by Carpenter, 
who used the term ideomotor effect to describe this phenomenon (Carpenter 
1852). Later work by others elaborated on this idea, suggesting that planning 
an action is guided by an anticipatory representation of its perceptual 
consequences (Greenwald 1970; Prinz 1997). This requires a common code for 
perception and motor representations (Hommel et al. 2001). Indeed, this 
common representational framework seems to comprise movements of other 
humans as well, mapping these onto our own internal body models (Wilson and 
Knoblich 2005).
Evidence for a neural structure with such representational 
characteristics was reported in 1996, when neurons in area F5 of monkey cortex 
were shown to possess “mirror” properties, coding both executed actions and 
equivalent observed actions (Rizzolatti et al. 1996; Gallese et al. 1996). Some of 
these mirror neurons also react to observed actions of which the outcome is 
hidden, suggesting that an internal representation of the action can be 
generated even in the absence of visual input (Umilta et al. 2001). 
Subsequently, motor areas with mirror properties were demonstrated in 
humans as well, including the bilateral pars opercularis of the inferior frontal 
gyrus (IFG), corresponding to Brodmann Area (BA) 44, and parts of the 
posterior parietal cortex (e.g. Fadiga et al. 1995; Grafton et al. 1996; lacoboni et 
al. 1999; Buccino et al. 2001; Koski et al. 2002; Calvo-Merino et al. 2005; Aziz- 
Zadeh et al. 2006; Dinstein et al. 2007).
The shared activation patterns between a person performing an action 
and the observer of these actions has been taken to suggest that the observer 
generates an internal simulation of the other's actions (Gallese and Goldman 
1999). Such a simulation may serve to understand action intentions and mental 
states of others, by literally adopting their perspective (Gallese and Goldman
84
Simulating others’ actions during planning of collaborative actions
1999; Gallese 2007). A  related view suggest that simulation during action 
observation contributes to the perceptual processing of that action. 
Synchronous motor activations based on isomorphic maps of one's own body 
generate top-down predictions of the ongoing action that feed back into the 
perceptual process (Wilson and Knoblich 2005). This process is comparable 
with forward models that run in parallel with first-person executed movements 
and create both a movement copy and its predicted perceptual result, so that 
rapid adaptations can be made before the actual feedback reaches the brain 
(Desmurget and Grafton 2000; Wolpert and Flanagan 2001).
Simulation processes are thought to play a major role in a relatively novel 
topic in the neuroscience of action, dealing with situations where two persons 
coordinate their actions to achieve a common goal, like folding up a large 
blanket together. In joint action tasks like these, each actor presumably has to 
generate a representation involving both the shared goal and the roles of the 
two actors; these roles have to be represented in a functionally equivalent way, 
so that the actions can be coordinated during the task (Bratman 1989; 
Tomasello et al. 2005; Sebanz and Knoblich in press). The need for mutually 
adapting responses and fast corrections of the other's actions requires the 
ability to anticipate on the other's action (Knoblich and Jordan 2003). 
Simulation processes are considered a key mechanism for this anticipation 
(Knoblich and Jordan 2003). In many social settings, simulation seems to be an 
automatic process: behavioural studies indicate that people have a tendency to 
generate representations of (potential) actions of others, even when this is not 
necessary for performing their own task (Sebanz et al. 2003; Ramnani and Miall 
2004; Kilner et al. 2004). These actions seem to be represented in a similar way 
as action alternatives of one's own, as indicated by response interference 
effects and inhibitory responses (Sebanz et al. 2005; Sebanz et al. 2006).
If generating simulations of both the own and the other's actions is 
crucial for task sharing, it can be expected that the human mirror neuron 
system is involved in joint action. Indeed, it has been recently shown that the 
bilateral pars opercularis of the IFG (BA 44) and the left inferior parietal lobule 
(BA 40) increase their activity in joint action situations, compared with solo 
tasks. Moreover, increasing interdependence between the actors, i.e., a higher 
requirement to simulate the other's upcoming action, was correlated with 
BOLD signal in the right pars opercularis (Newman-Norlund et al. 2008).
Overall, fMRI studies on the cerebral specifics of collaborative action are 
scarce (but see Kokal et al. 2009, for a recent fMRI study). Most attempts have
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used indirect methods, in which contact between participants is mediated via 
computer interfaces, rather than real-time person-to-person interactions. This 
may be largely due to the practical problems involved in studying actions in the 
constrained setting of a scanner; although movement execution by single 
participants has been studied successfully in MR environments (e.g. Culham et 
al. 2003; Majdandzic et al. 2007; Newman-Norlund et al. 2007; Verhagen et al. 
2008), the complications of fitting a second person in the scanner are obvious. 
A  second problem of studying joint action with fMRI lies in directly comparing 
solo and joint tasks, since additional differences in somatosensory and motor 
activity might obscure the comparison.
With the present experiment, we aimed to study the cerebral correlates 
of collaborative action while avoiding these obstacles. We based our 
experimental design on a previous experiment, in which we examined activity 
during preparation of movements that were instructed by different goal levels 
(Majdandzic et al. 2007; see also van Schie and Bekkering 2007). The instruction 
referred either to a required initial movement (the immediate goal) of an object 
manipulation task, or to a required end-state (the final goal). Crucially, the 
specified immediate goal constrained what would be the final goal and vice 
versa, so that behaviourally similar object manipulations were created, differing 
only with respect to the instructed Goal level (Immediate or Final). Comparing 
Immediate- and FiNAL-GoAL-cued action planning showed that these goal levels 
evoke differential activation patterns. The results suggested that when action 
preparation is instructed by an Immediate Goal, the movement is guided to a 
greater extent by sensory properties of the manipulated objects, whereas 
action planning guided by Final Goals required a combinatory process that is 
relatively independent of sensory guidance.
In our current experiment we have used a similar goal level design; 
besides, we had participants perform the object manipulations either alone or 
with help from a co-actor. To be precise, the first movement (taking an double- 
cubic object from a rail by grasping it at either its large or its small part, and 
passing it over though a gap) was always performed by the subject, using his 
right hand. The second movement (grasping the object over at its opposite part 
and inserting it into a cubic slot of the correct size) was performed by either the 
subject (using his left hand; Solo condition) or by a co-actor standing besides 
him (Joint condition). In both the Solo and Joint conditions, actions were cued 
by either the Im mediate Goal (the required object part to initially grasp) or the 
Final Goal (the required slot to fit the object in).
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The reason for using this manipulation was twofold. First, it allowed us 
to assess the differential effects of planning Joint (versus Solo) actions, while 
avoiding a direct comparison between these conditions. By comparing the 
effects on planning of Final versus Immediate Goal instructions (and vice versa) 
between Solo and Joint trials, we were able to isolate responses to the goal 
level manipulation that were specific for either the Solo or the Joint condition. 
Second, we expected that especially Final Goal instructions would have a 
distinctive effect on planning of Joint actions. More specifically, since during 
planning of trials cued by their Final Goal, the future action of the co-actor 
towards to the slot has to be incorporated into the subject's motor plan, we 
expected increased anticipatory activity in this situation. In contrast, during 
planning of iMMEDiATE-GoAL-cued actions, the subject's action plan can be 
initiated with less anticipation on the co-actor's action, who will adapt her 
action to the first movement anyway.
Accordingly, we predicted that planning a collaborative action based on 
its desired end-state would evoke activity related to simulating the other's 
future action. Hence, we expected increased involvement of MNS areas in the 
FiNAL-GoAL-cued condition specific for Joint actions (Newman-Norlund et al.
2008). In addition, since integrating the co-actor's future movement into a 
shared action plan might require additional combinatory steps, compared to 
Solo Final GoAL-cued trials, we expected a stronger reliance on prefrontal areas 
involved in maintaining and manipulating abstract information during Joint 
FiNAL-GoAL-cued trials.
Methods
Participants
We analyzed imaging data from sixteen healthy right-handed male volunteers 
(2413 years, mean ± standard deviation). Data from two other participants were 
discarded because of head-movement artefacts during the MR scanning and 
technical problems with the audio system, respectively. Sixteen further 
participants took part in the study as co-actors: (2313 years; nine females, three 
left-handed), standing besides the subjects in the scanner. All subjects had 
normal or corrected-to-normal vision, and gave informed consent according to 
institutional guidelines of the local ethics committee (CMO region Arnhem­
Nijmegen, Netherlands).
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Experimental set-up
During the experiment, the subject was laying supine in the MR scanner and 
performed object manipulations, either alone or in cooperation with a co-actor, 
who was standing besides the scanner table throughout the experiment.
To allow the subjects to have a direct line of sight of the objects to be 
grasped, the head coil was tilted forward by 30° along the subject's sagittal 
plane. In addition, the standard mattress of the scanner bed was removed, 
allowing the subjects to lay considerably lower within the bore of the scanner 
(Fig. 4.i A i). To minimize movements around the shoulder and neck, we firmly 
but comfortably strapped the subjects' shoulders to the scanner table, ensuring 
that subjects performed the task by moving their forearms only. The subject's 
head was kept in place by using foam wedges.
An optical response button box (MRI Devices, Waukesha, WI), positioned on 
the upper leg, served as a home-key on which subjects had to keep their hand in 
between trials. This device allowed us to record subjects' reaction times and 
total movement time.
The subjects were instructed to grasp and manipulate an object consisting 
of a large cube and a small cube, attached to a supporting rail positioned in 
front of them. The object was held in place through an arc-shaped device 
positioned over the subject's hips inside the MR scanner. The object was 
positioned next to a rectangular box containing two cubic slots of different size 
and colour. A  transparent plastic screen positioned over the subjects' abdomen 
prevented their hands from crossing the body midline. Through a small gap in 
the screen subjects could hand the object over between their hands (Fig. 4 .i A ii).
In this set-up, the subject could comfortably extract the object from the 
supporting rail with his right hand, hand it over to his left hand, insert the object 
into one of the slots, and perform the reverse series of movements to re­
position the object in its starting position. Crucially, the object and the slots 
were designed such that the object could be placed in the large slot only when 
it was held at the small cube. Analogously, the object could be placed in the 
small slot only when it was held at the large cube. Furthermore, because of the 
size of the gap in the screen, the subjects could only grasp the object at the 
small part with their left hand if they held it at the large part with their right 
hand, and vice versa. Thus, when the object was removed from its initial 
position by grasping it at the small part, it had to be grasped at the large part 
after handing it over, and could then be inserted into the small slot.
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The side of the box that was not visible for the subject contained two cubic 
slots as well, but the combination of size and colour was reversed: while on one 
side of the box, the yellow slot (located above the blue slot) was large, the 
yellow slot on the other side of the box was small, still located above the blue 
slot (Fig. 4 .i A iii, left panel). Which two slots were visible for the subject could be 
varied by rotating the box by means of a pneumatic mechanism. The colours of 
the manipulabe object could be varied as well, by interchanging an object 
consisting of a large red cube and a small green cube, with an object consisting 
of a large green cube and a small red cube (Fig. 4 .i A mi, right panel).
An LED (Light Emitting Diode) was installed in the middle of each of the two 
sides of the slotted box. The LED could light up in red, green, blue, and yellow. 
The colour of the LED instructed the subject on the movement required to 
solve the task (see below).
MR-compatible switches located at various positions on the device recorded 
the time at which the object was removed from the supporting rail, the time at 
which the object was inserted into one of the slots, and the time at which the 
object was put back into the supporting rail. The fact that the subjects had to 
click the object back into the rail ensured that the starting position of the larger 
cube did not vary over trials.
The co-actor was standing on the left side of the subject, seen from the 
subject's point of view (Fig. 4.1B). The co-actor was facing the scanner bore 
and could use his or her right hand to cooperate with the subject in the object 
manipulation task. A  plastic barrier that was attached to the screen could be 
manually moved up and down; if the barrier was down, it prevented the 
subject from using his left hand and thus indicated that the object manipulation 
had to be performed in cooperation with the co-actor. During the experiment, 
the co-actor received instructions about manipulating the barrier and 
interchanging the object through MR compatible headphones.
Control of the pneumatic rotation mechanism, output to the headphones, 
and recording of the movement-related responses was carried out using a PC 
running Presentation 0.81 (Neurobehavioral Systems, San Francisco, CA).
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Figure 4.1 Experimental set-up and object manipulation task. 
(A) (I) Schematic illustration of the subjects’ position in the 
scanner. The head coil was tilted by 30 to allow the subjects 
to visually control his movements. An MR-compatible, arc­
shaped device was placed over the subject’s hips. On this 
device, a rectangular box, a removable object, a manipulable 
plastic barrier, and a transparent screen with a gap at the 
bottom were mounted (II). (Ill) Left: rectangular box 
containing two cubic slots of different size and colour, shown 
in two different configurations, which were alternated in 
blocks of variable length by rotating the box. Bottom right: 
manipulabe objects consisting of two cubes of different 
colour. Only one of the objects was used at a time; after a 
variable number of trials, the current object was replaced by 
the other one. The task involved removing the object from the 
rail by grasping it at either the small or large part, inserting it 
into one of the slots, and placing it back into the rail. The size 
and shape of the object and the slots constrained the 
manipulation: when the object was held at its small part, it 
could only be fitted into the large slot, and when it was 
grasped at its large part, it could only be inserted into the 
small slot. A coloured LED (top right) instructed the subjects 
about the object part to manipulate (Immediate Goal trial) or 
the slot to insert the object in (Final Goal trial). This design 
allowed us to manipulate the manner in which the action was 
planned (i.e. based on either the object to be manipulated, or 
the end-state of the action), while keeping the actual 
movements constant. (B) (I) Schematic overview of a Solo trial 
(view from above). After cue onset, the subject grasps the 
object at the correct part with his right hand, passes it on to
his left hand through the gap in the screen, and inserts it into 
the corect slot using his left hand. After this, he returns the 
object back to its starting position (not shown). Dotted line 
represents the edge of the scanner bore. (II) Schematic 
overview of a Jo in t trial. A barrier prevents the subject from 
using his left hand. After cue onset, the subject grasps the 
object at the correct part with his right hand and hands it over 
to the co-actor through the gap in the screen. The co-actor 
inserts the object into the correct slot. After this, the object 
is returned back to its starting position in the same manner 
(not shown). (C) Task examples. (I) Time course of a trial in 
which an Immediate G o a l cue is given: the red LED instructs the 
subject to grasp the object at its red (large) part. This means 
that the object has to be grasped at its other (green) part 
upon handing it over through the gap, and has to be inserted 
into the large slot. (II) Time course of a trial involving an 
equivalent object manipulation, but now instructed with a 
Fin a l G o a l cue. The yellow LED instructs the subject to insert 
the object into the yellow slot. This requires the subject to 
grasp and remove the object at its large (red) part. (Ill) Time 
course of a trial with the rectangular box in the alternative 
orientation. An Immediate G o a l cue is given: the green LED 
instructs the subject to grasp the object at its green (small) 
part. This means that the object has to be grasped at its other 
(red) part upon handing it over through the gap, and has to be 
inserted into the small (yellow) slot. (IV) Time course of a trial 
in which the other object is used. The yellow LED instructs the 
subject to insert the object into the yellow (small) slot. This 
requires the subject to grasp and take off the object at its 
small (red) part.
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Experimental time course and procedures
In each trial of the task, subjects had to perform a specific object manipulation. 
In the Solo condition, subjects had to grasp the object in a certain way, either at 
the large or the small part, remove the object from the rail, hand it over to their 
left hand through the gap in the screen, and put it into one of the two slots, 
after which the object had to be re-positioned in the supporting rail via the 
reverse sequence of movements (Fig. 4.1B1). In the Joint condition, a horizontal 
barrier over the subject's left forearm prevented him to lift his left hand, 
requiring him to involve the co-actor in the task. Thus, after grasping and taking 
off the object with the right hand, the subject had to pass the object on to the 
co-actor through the gap in the screen. The co-actor then had to grasp the 
object, insert it into the appropriate slot, and pass it back to the subject via the 
gap, after which the subject could position it back into the rail (Fig. 4.1B11). 
Although the co-actor could not see the slots that were visible for the subject, 
(s)he could see the back side of the box, and was informed that the size of the 
upper and lower slots at this side corresponded with the size of the upper and 
lower slots that the subject saw.
Importantly, both the subject and co-actor were instructed that they 
were not allowed to turn the object in their hand to change the part at which 
they grasped it, and that the object could only be taken over by grasping it at 
the opposite part as the part at which it was held. Accordingly, the way in which 
the subject passed over the object through the gap guided the co-actor about 
the slot that had to be filled up.
The required object manipulations could be cued in two ways: either by 
providing the required end position of the object (the slot) or by providing the 
part of the object that had to be grasped to remove it from the starting 
position. A  Final Goal cue typically referred to one of the two slots; it instructed 
the subject that the object had to be put into either the blue or the yellow slot. 
Accordingly, subjects had to plan their grasping movement to the object in a 
way that allowed them or the co-actor to achieve this outcome. An Immediate 
GoAL cue referred to the part of the object that the subject had to grasp to 
remove the object from its starting position; this could be either the red part or 
the green part. Subjects then had to transport the object to the slot that could 
be filled up when this initial grip had been used. In this way, each action could 
be cued by either its Immediate or its Final G oal, allowing us to compare 
otherwise similar movements that differed in only this respect.
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The cues were given using a four-coloured LED. When the LED turned blue 
or yellow, it referred to the Final Goal, and the object had to be inserted into 
the blue or yellow slot, respectively. Conversely, a red or green LED referred to 
the Immediate Goal, and the object had to be grasped at the red or green part 
(Fig. 4.1C).
To prevent subjects from using shortcut- strategies by associating the 
colours of the Final Goal cues with those of the Immediate Goal cues, we varied 
this association in two ways during the experiment. First, the slotted box was 
rotated from time to time, resulting in a small yellow slot in combination with a 
large blue slot in 50% of the trials, and a large yellow slot in combination with a 
small blue slot in the other 50% of the trials (Fig. 4.iAm, left panel). Second, the 
object was interchanged from time to time with an object with the reverse 
colours, that is, in 50% of the trials, the object consisted of a large red cube and 
a small green cube, and in 50% of the trials it consisted of a large green cube and 
a small red cube (Fig. 4.1A-III, right panel).
When the LED switched on, subjects had to leave the home key, make the 
appropriate object manipulation, and return to the home key. After 10 seconds, 
which was the average time to complete the movement, as was established in a 
pilot experiment, the LED switched off, and an inter trial interval of variable 
length (1.5-5.5 seconds) followed. Subjects were instructed to complete their 
action before the LED switched off. Every 3 to 9 trials (which was randomized; 
every 6 trials on average), the slotted box rotated to the alternative 
orientation, followed by a time interval of variable length (1.9-2.9 seconds). 
Furthermore, every 3 to 9 trials, but never in the same inter trial interval as the 
rotation, the object was changed for an object with the reverse colours. This 
was done by the co-actor, according to auditory instructions through the 
headphones (“red object” or “green object”, referring to the colour of the 
large cube), followed by a time interval of 6.0-8.0 seconds. A third event that 
could occur between trials was manipulation of the barrier that indicated the 
start of a Solo or Joint block. These blocks lasted a random number of 3 to 9 
trials. Auditory instructions (“barrier up” at the start of a Solo block, and 
“barrier down” at the start of a Joint block) indicated that the co-actor had to 
manipulate the barrier accordingly, and were followed by a time interval of 4.0
-  5.8 seconds. In some cases, the barrier manipulation occurred immediately 
after a rotation event (and subsequent time interval) or after interchanging the 
object (and subsequent time interval).
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To minimize temporal correlations between regressors modelling the 
task events, experimental timings were simulated in Matlab, until a maximum 
correlation of < 0.26 was achieved. The resulting design was balanced across 
each cell of the 2 x 2 x 2 design defined by the factors Actors (Solo, Joint), 
Orientation of the device (1,2), and Object (Green, Red). The four cue colours 
(red, green, yellow, and blue) were evenly distributed over the resulting 21 trials 
per cell.
After the subject was positioned on the scanner table, subject and co-actor 
first had a training session (typically 15 minutes), until error free and sufficiently 
fast performance was reached over at least 20 consecutive trials. This could be 
monitored by the experimenter on a computer screen. Total scanning time was 
51 minutes, involving 168 trials.
Behavioural analysis
For each trial, we obtained the Reaction time (RT; time from cue onset to 
release of the home key), and Movement time (MT, time from release of home 
key to return of the hand on the home key). In addition, it was recorded 
whether the object manipulation that was performed was correct.
RTs and MTs measured during the scanning session were analyzed 
separately using SPSS Version 14.0 (Chicago, IL, USA), and considered 
independent variables of a 2 x 2 x 2 x 2 repeated measures ANOVA with main 
effects of Actors (Solo, Joint), Cue [Final Goal, Immediate Goal], the part of the 
Object that was grasped initially [Large, Small]), and Orientation of the device 
[1 , 2]. Subjects were considered a random factor. Alpha-level was set to P=0.05.
Image acquisition
Images were acquired using a Siemens 1.5T Avanto MRI system (Siemens, 
Erlangen, Germany), using the body coil for radio frequency transmission, and 
an 8-channel phased array surface head coil for signal reception. BOLD sensitive 
functional images were acquired using a single shot gradient EPI sequence 
(TR/TE 2.43 s/40 ms, 31 transversal slices, voxel size 3.5 x 3.5 x 3.0 mm). At the 
end of the scanning session, anatomical images were acquired using an 
MP_RAGE sequence (TR/TE 2.25 s./2.95 ms, 176 sagittal slices, voxel size 1.0 x 1.0 
x 1.0 mm, FoV 256 mm).
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Image analysis
Functional data were pre-processed and analyzed with SPM5 (Statistical 
Parametric Mapping, www.fil.ion.ucl.ac.uk/spm). The first five volumes of each 
participant's data set were discarded to allow for T1 equilibration. The image 
time series were spatially realigned using a sinc interpolation algorithm that 
estimates rigid body transformations (translations, rotations) by minimizing 
head-movements between each image and the reference image (Friston et al.
1995). The timeseries for each voxel was realigned temporally to acquisition of 
the first slice in time to correct for differences in slice time acquisition. 
Subsequently, images were normalized onto a custom onto a Montreal 
Neurological Institute (MNI)-aligned EPI template using both linear and 
nonlinear transformations. Finally, the normalized images were spatially 
smoothed using an isotropic 8 mm full-width-at-half-maximum Gaussian kernel. 
Each participant's structural image was spatially coregistered to the mean of 
the functional images (Ashburner and Friston 1997) and spatially normalized by 
using the same transformation matrix as applied to the functional images.
The fMRI time series were analyzed using an event-related approach in the 
context of the General Linear Model. Single subject models consisted of 
separate regressors describing planning stages for the different levels of 
Actors, Cue, and orientation of the device. Trial-by-trial measures of this 
planning stage were extracted from the behavioural measurements during the 
experiment: onsets were time-locked to the onsets of the LED cues, and offsets 
were time-locked to release of the hand from the home key. In addition, we 
separately modelled movement execution (split into distinct regressors for 
Actors and grasped Object part), defined as the period from release of the hand 
from the home key to return of the hand on the home key. Rotation of the 
device and replacement of the coloured object and plastic barrier by the co­
actor were modelled in a combined regressor. Onsets of the object and barrier 
manipulation were set to 750 ms after onset of the auditory instructions to the 
co-actor. Duration of the rotation was set to zero, duration of the object 
replacement was set to 5.25 sec, and duration of the barrier manipulation was 
set to 3.25 sec, based on behavioural pilot data. Trials in which the object was 
inserted into the wrong slot were excluded from the main analysis and 
modelled by an error regressor that included both planning an execution of the 
trial.
Each effect was modelled on a trial-by-trial basis as a concatenation of 
square-wave functions. Each of these square-wave functions was then
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convolved with a canonical hemodynamic response function, and down­
sampled at each scan in order to generate 14 regressors modelling the main 
effects described above (Friston et al. 1995).
Head movement effects were accounted for as described in Friston et al. 
(1996), by including the 6 rigid-body motion parameters (translation and 
rotation) as nuisance covariates (Worsley and Friston 1995); we also included 
their quadratic and cubic Volterra expansions, and the linear effects and 
quadratic and cubic Volterra expansions of their first order derivatives, giving a 
total of 36 regressors (Lund et al. 2005).
We also added regressors describing intensities in white matter (WM) and 
cerebrospinal fluid (CSF) as nuisance covariates. This was done to account for 
potential image intensity shifts due to movement of the hand within the main 
magnetic field of the scanner (Culham et al. 2006; Verhagen et al. 2006). We 
included both linear and quadratic effects of these intensities, and the linear 
and quadratic effects of their first order derivatives, resulting in eight 
regressors.
Statistical inference
The statistical significance of the estimated evoked hemodynamic responses 
was assessed using t-statistics in the context of a multiple regression analysis. 
For each subject, contrasts of the parameter estimates for planning stages, 
collapsed over orientation, were calculated, and entered into a one-way, 
within-subjects analysis of variance (ANOVA). We were specifically interested in 
assessing the effects of Goal (Final Goal, Immediate Goal) that were specific to 
Solo or Joint trials, on brain activity during the planning stage before 
movement onset. For this purpose, SPM(Aflalo and Graziano 2006)s for these 
effects were created, by masking the simple main effects of Cue by the relative 
Actor X Goal interaction. For instance, effects of Immediate Goal over Final Goal 
specific for Solo trials were obtained by inclusive masking of the [Solo 
Immediate Goal - Solo Final Goal] contrast with the [(Solo Immediate Goal - Solo 
Final Goal) - (Joint Immediate Goal - Joint Final Goal)] contrast.
We report the results of a random effects analysis, with the degrees of 
freedom corrected for nonsphericity at each voxel. Inferences were drawn at 
the cluster level, and were corrected for multiple comparisons using family-wise 
error correction (corrected threshold p<0.05, corresponding to a cluster extent 
threshold of 100 contiguous voxels, given an intensity threshold of p<0.005 
(Friston et al. 1996)).
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Results
Behavioural performance
During scanning, the subjects performed the task accurately (average error 
rate: 2.912.8%). Mean Reaction time (RT) was 923 ms; RTs were shorter when 
subjects were instructed by an Immediate Goal cue as compared to a Final Goal 
cue (main effect of Goal: F115=12.89; p<0.05). Furthermore, RTs tended to be 
shorter when the action was to be performed with the co-actor versus alone, 
although this effect was not significant (main effect of Actors: F115=3.18; 
p=0.10). Mean Movement time (MT) was 9.69 sec; MTs did not differ between 
Immediate and Final Goal cued trials or between Single or Joint trials (main 
effect of Goal: F115=1.65; p= 0.22; main effect of Actors: F115=0.59; p=0.45).
Imaging data
on the basis of the behavioural data acquired during scanning, we generated a 
model of the expected BOLD signal changes evoked during task performance. 
We considered the planning stage of correctly performed trials and 
distinguished this from the execution phase of the movements, the few 
incorrect trials, and the intervals in which the orientation of the device was 
changed or object and barrier were repositioned. We were able to separately 
model the planning and execution stages thanks to the fact that the planning 
stage was modelled according to a 2 x 2 x 2 factorial model (i.e., by the factors 
Actor, Goal, and Orientation, producing eight separate regressors), whereas the 
movement execution was modelled according to a 2 x 2 factorial model (i.e., 
according to the factors Actors and Object, resulting in four separate 
regressors).
This model is justified by the subjects' behaviour, and was based on 
behavioural main effects and trends (p<0.1). The planning stage was influenced 
by whether the action was to be performed alone or with the co-actor (main 
effect of Actors, p=0.10), by whether it was cued with an Immediate or Final 
Goal (main effect of Goal, p<0.05), and by the Orientation of the device (main 
effect of Orientation, p=0.07). The movement execution stage was affected by 
object size (main effect of Object, p<0.0i). Although MTs did not show a 
significant main effect of Actors (p=0.45), we also separately modelled Single 
and Joint movement execution, due to differences in motor and 
somatosensory activity that can obviously be expected.
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In this way, we were able to isolate differences and commonalities in 
cerebral activity evoked during the planning stage of actions instructed either 
on the basis of the end-state to be accomplished (Final Goal), or on the basis of 
the part of the object to be grasped (Immediate Goal), and being performed 
either alone (Solo) or in cooperation with a co-actor (Joint).
As can be seen in Fig. 4.2, preparing the manipulative movements 
evoked extensive common cerebral activity across experimental conditions, 
spanning occipital, parietal and frontal regions (conjunction analysis on 
preparation phase of the experimental conditions). Below we detail our specific 
findings concerning differences in preparatory activity evoked during the 
Immediate and the Final Goal trials, specific for either Solo or Joint trials (Table 
1). Using this approach, we were able to indirectly assess differences in planning 
between individually and jointly performed actions, irrespective of motor and 
somatosensory differences.
Effects of Goal level specific for Solo trials
We tested for differential effects of Immediate versus Final Goal cues on 
preparatory activity specific for the Solo condition by masking the [Solo-IG > 
Solo-FG] contrast inclusively with the [(Solo-IG > Solo-FG) > (Joint-IG > Joint- 
FG)] interaction. This comparison yielded no significant clusters of activity. 
Testing for effects of Final versus Immediate Goal cues specific for the Solo 
condition (by masking the [Solo-FG > Solo-IG] contrast with the [(Solo-FG > 
Solo-IG) > (Joint-FG > Joint-IG)] interaction) revealed a significant cluster along 
the right occipito-parietal fissure. The local maximum of this cluster (10 -72 44; 
see Table 4.1) corresponds with visual area V6, as defined retinotopically by 
Pitzalis et al. (2006).
Effects of Goal level specific for Joint trials
We contrasted Immediate- versus FiNAL-GoAL-cued trials and isolated effects 
specific for the Joint condition by masking the [Joint-IG > Joint-FG] contrast 
inclusively with the [(Joint-IG > Joint-FG) > (Solo-IG > Solo-FG)] interaction. No 
significant clusters of activity survived this comparison. Testing for effects of 
Final versus Immediate Goal cues specific for the Joint condition (by masking 
the [Joint -FG > Joint -IG] contrast with the [(Joint -FG > Joint -IG) > (Solo -FG > 
Solo -IG)] interaction) produced two significant clusters (Fig. 4.3; Table 4.1). 
one cluster (local maximum: -32 42 0) was located on the anterior part of the 
left inferior frontal gyrus, in the left anterior prefrontal cortex, presumably
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Common preparatory activation
Figure 4.2 Common activation during preparation of correctly performed trials 
across experimental conditions, obtained by conjunction of Goal (Im m e d ia t e , F in a l) 
and Actors (So l o , J o in t ). The statistical parametric maps are corrected for 
multiple comparisons (p<0.05) at the cluster level and are superimposed on a 
rendered brain. As can be seen, preparing the object manipulations evoked 
extensive cerebral activity, spanning occipital, parietal and frontal regions.
Final > Immediate Goal effects during planning of Joint actions
Left anterior PFC (-32 42 0)
ààà
Solo-IG Solo-FG Joint-IG Joint-FG
LeftlFG (-50 24 30)
I ¿ I 1
Solo-IG Solo-FG Joint-IG Joint-FG
Figure 4.3 Imaging data showing differential activity for F in a l-G o a l - versus 
IMMEDIATE-GOAL-cued action preparation, specific for actions performed with a co­
actor. (A) Parameter estimates of preparatory activity within the left inferior 
frontal sulcus (-50 24 30), separate for the different levels of Goal (Im m ed ia t e , 
F in a l) and Actors (So lo , J o in t ). Parameter estimates were obtained by scaling beta 
values by their standard error (SE). (B) Parameter estimates of preparatory 
activity within the left anterior prefrontal cortex (-32 42 0), separate for the 
different levels of Goal (Im m ed ia t e , F in a l) and Actors (So l o , J o in t ). (C) Statistical 
parametric map (SPM) corrected for multiple comparisons (p<0.05) at the cluster 
level showing activity that was stronger during preparation of correctly performed 
FiNAL-GoAL-cued than IMMEDIATE-GOAL-cued trials, specific for JoiNTly performed 
actions, obtained by inclusive masing of the [Jo in t -FG > J o in t -IG] contrast with the 
[(Jo in t -FG > J o in t - iG) > (So lo -FG > So l o -IG )] contrast. The SPM is superimposed on 
a rendered brain.
IG = Im m ed iate  G o a l ; FG = F inal G oal
99
Chapter 4
Table 4.1 MNI coordinates of the clusters of activation related to the comparison 
different Goal levels of action planning (Im m ed ia t e , F in a l ), specific for the So lo  or 
Jo in t  condition. All results are corrected for multiple comparisons at the cluster 
level using a FWE-correction method with a threshold of p<0 .05. Cluster size is 
reported in voxels.
Contrast Anatomical region Laterality MNI-coordinates 
x y z
Cluster
size
IG > FG S o lo - - - - - -
FG > IG S o lo Occipito-parietal fissure R 10 -72 44 765
IG > FG Jo in t - - - - - -
FG > IG Jo in t Anterio r prefrontal cortex L -32 42 0 381
In fe rio r frontal sulcus L -50 24 30 318
lateral Brodmann Area (BA) 10 (Petrides 2005). The other cluster was located 
along the left inferior frontal sulcus, extending onto the middle frontal gyrus 
and inferior frontal gyrus. The local maximum of this cluster (-50 24 30) was 
assigned with 40% probability to the pars triangularis (BA 45), whereas the 
ventrocaudal-most part of the cluster just crossed the 40% probability border of 
the pars opercularis (BA 44) (Amunts et al. 1999; Petrides and Pandya 2002; 
Eickhoff et al. 2005). The dorsal part of this cluster (local maximum: -34 20 52), 
situated on the middle frontal gyrus, was assigned to BA 9/46 (Petrides and 
Pandya 1999).
Discussion
Using fMRI, we examined the cerebral correlates of preparing object 
manipulations either performed alone (Solo) or together with a co-actor 
(Joint), and instructed on the basis of either an initial grasping component 
(Immediate Goal) or a desired end-state (Final Goal). The results indicate that 
planning of Solo and Joint actions is differentially influenced by the goal level at 
which the action is instructed. More specifically, when a Joint action is planned 
according to its end-state rather than an initial movement, areas in the left IFG 
and left anterior prefrontal cortex increase their activation. These findings are
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in accordance with our hypothesis that the requirement to incorporate the 
future movements of the co-actor in one's action plan (Joint Final Goal 
condition), rather than one's own future movements (Solo Final Goal 
condition) leads to increased anticipatory simulation in designated areas.
Involvement of the left inferior frontal gyrus in preparing F in a l Goal-based J o in t  
actions
A large cluster along the left inferior frontal sulcus increased its contributions 
when Joint actions were planned according to a Final Goal, rather than an 
Immediate Goal. The local maximum of this area was located on the pars 
triangularis of the IFG (BA 45), although parts of the cluster extended onto the 
middle frontal gyrus (BA 9/46) and into the 40% probability border of the pars 
opercularis (BA 44) (Eickhoff et al. 2005). The latter area, the putative human 
homologue of monkey area F5 (Petrides and Pandya 1997), has been shown to 
have mirror properties (Grafton et al. 1996; lacoboni et al. 1999; Buccino et al. 
2001; Koski et al. 2002; Aziz-Zadeh et al. 2006). Some studies also found 
involvement of BA 45 (Grafton et al. 1996; Schubotz and von Cramon 2004).
Interestingly, our cluster of activation is close (< 10 mm) to the bilateral 
area found by Newman-Norlund et al. (2008), who compared execution of joint 
versus solo actions. Besides, in the same study, BOLD signal in the right pars 
opercularis correlated with a higher requirement to simulate the other's 
upcoming action during the joint action task. In line with this, we suggest that 
in the present experiment, the cluster of activity on the IFG reflects increased 
anticipatory simulation of the upcoming movement of the co-actor. This effect 
is specific for the FiNAL-GoAL-cued condition, since that situation calls for 
adaptation of the own response to the required final movement performed by 
the co-actor, rather than the more direct, sensory-guided response permitted 
by an Immediate Goal cue. Furthermore, our results show that the involvement 
of this area in joint action is not necessarily right-lateralized, as might be 
concluded from the study by Newman-Norlund et al. (2008).
In addition, BA 45 is known to be involved in the higher-order processing 
of nonspatial information (Gerbella et al. 2007), more specifically, in selection 
processes that resolve competition among multiple active representations or 
“tokens” (Badre and Wagner 2007). Demands on this area will increase when 
many representations compete and when rivalry from irrelevant 
representations is strong. Besides holding the information on line and selecting 
among competing alternatives (Thompson-Schill et al. 1999), the area seems to
101
Chapter 4
play an important role in combining these representations into meaningful 
structures (Hagoort 2005), especially in the time domain (Fuster 1997),
The cluster of activation also included portions of BA 9/46, which is part 
of the network involved in working memory. More specifically, this area has 
been associated with preparing a forthcoming action based on information 
stored in short-term memory (Pochon et al. 2001), with generating and 
selecting mental moves, as in the Tower of London Task, irrespective of their 
execution (Rowe et al. 2001), and with selecting temporally ordered spatial 
items from memory (Rowe and Passingham 2001).
The picture emerging from the characteristics mentioned above is 
compatible with the requirements of Final Goal trials, namely the selection of 
an appropriate course of action among many possibilities, by combining a 
number of distinct components and evaluating these prior to responding 
(Majdandzic et al. 2007). In this process, “irrelevant” responses directed 
towards a remote goal have to be inhibited to permit intermediate steps 
(Morris et al. 1997).
If these selection and integration requirements of Final Goal trials drive, 
at least in part, the activity of the left ventrolateral prefrontal cluster, why 
would this area be more responsive to planning Joint than Solo actions? Two 
factors may explain this difference. First, the requirement to withhold not only 
an immediate response to the cued Final Goal slot, as in the Solo Final Goal 
condition, but also a left-hand response later on in the action course, increases 
the number of irrelevant action alternatives that have to be disregarded in 
prefrontal cortex. Second, in the Joint condition, the action “tokens” 
manipulated in prefrontal cortex have to be coded at an even higher level, i.e., 
“from a bird eye's view”, (Tomasello et al. 2005), since the shared 
representation incorporates both the goals and actions of the self and the co­
actor.
Involvement of the left anterior prefrontal cortex in preparing F in a l Goal-based 
J o in t  actions
The other cluster that increased its activation during planning of Joint actions 
instructed with their Final Goal was located in the left anterior prefrontal 
cortex (lateral BA 10). This area has been implicated in prospective memory, 
i.e., the maintenance of an intention over time (Burgess et al. 2001), and with 
the ability to hold in mind a main goal while exploring and processing subgoals 
that have to be achieved to permit fulfilment of the main goal (Koechlin et al.
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1999). A related views suggests that this area is involved in integrating the 
outcomes of multiple separate cognitive operations to achieve a higher 
behavioural goal (Ramnani and Owen 2004). Others have proposed that the 
lateral anterior prefrontal cortex coordinates task performance by interacting 
with brain regions that are needed to perform an upcoming task. Interestingly, 
in that study, an increase in anterior prefrontal cortex was associated with an 
increase in left IFG activation during preparation of a task in which sequences of 
letter items had to be reordered backwardly (Sakai and Passingham 2003). 
Thus, the anterior prefrontal cortex seems to influence the activity of other 
areas in response to task requirements. This idea has been framed in more 
detail by others, stating that the area acts as a “gateway” to information flows 
from other areas (Burgess et al. 2007a). More specifically, medial parts of the 
anterior prefrontal cortex enable attending to environmental stimuli, while 
lateral parts, corresponding with our activation pattern, direct processing to 
self-generated representations (Gilbert et al. 2005; Gilbert et al. 2006; Burgess 
et al. 2007b). Examples of such stimulus-independent processing include 
situations where incoming stimuli do not readily trigger a particular behaviour, 
and situations that require behavioural organization over longer periods of 
time.
These attributes of lateral anterior prefrontal cortex are in accordance 
with the requirements of generating a movement plan based on a Final Goal, 
which requires holding action tokens on line for reordering them, and directing 
processing resources towards self-generated representations rather than 
external stimuli. As mentioned before, we suggest that incorporating future 
movements of the co-actor into one's own action plan, as in the Joint Final 
Goal condition, calls for a higher representational level and thus likely poses 
higher demands on relevant prefrontal areas. This interpretation is also in line 
with recent suggestions that collaborative actions require the involvement of 
both the MNS, for translating the actions of both agents into a common code, 
and other regions (among them frontal regions anterior to the MNS), for the 
integration of our own actions with those of others (Kokal et al. 2009).
Interpretational issues
The activation in visual area V6 that was specific for preparing Solo Final Goal 
trials might appear at odds with the involvement of a nearby area, right V6A, in 
preparing iMMEDiATE-GoAL-cued actions that was found in a previous study 
(Majdandzic et al. 2007). In that study, the role of V6A was ascribed to more 
elaborate processing of the shape en location of the object and the slots, and
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selecting movements spatially compatible with this. In contrast to V6A, which 
has visuomotor response properties, V6 is a purely visual area, and as such its 
role in planning FiNAL-GoAL-cued actions might be explained by differences in 
visual processing evoked by the two cueing conditions. A difference between 
the present and previous study is that the object manipulation in the present 
study involves more movement steps, which might pose higher demands on 
shape comparison processes during Final Goal trials, when the initial movement 
is not directly specified by the instruction. Besides, in the present study, the 
distance between the object and the slots is larger than in our previous 
experiment, requiring an integration of information over a larger part of the 
visual field during this comparison process. These properties are in line with the 
known preference of V6 for large-field stimuli and its selectivity for the 
orientation of visual contours (Pitzalis et al. 2006; Lui et al. 2006). This view 
would suggest that the increased emphasis on visuospatial processing during 
planning of IMMEDiATE-GoAL-cued actions that was suggested previously, might 
be strongly dependent on task settings. on the other hand, the size of the 
occipito-parietal cluster in the present experiment prevents making strong 
claims about the specific role of V6; the cluster extends from BA 18 (inferior 
parts) to BA 5 and the posterior cingulate (anterior parts), and thus is likely a 
functionally heterogeneous assembly of different responses. Discussing these 
response patterns in depth falls outside the scope of the present chapter.
One might raise the concern that in the present experiment, participants 
learned to make simple colour-associations between the required end-slot and 
the object part that they had to grasp, and used these as a short-cut strategy. 
However, the box containing the slots was frequently rotated (every 6 to 9 
trials), so that the relation of slot size and slot colour was abruptly reversed. 
Besides, the object was exchanged every 6 to 9 trials for an object with the 
reverse colours, again reversing the association between shape and colour. This 
makes it highly unlikely that participants used a colour-to-colour matching 
strategy to circumvent the shape processing requirements. Second, the nature 
of the activation patterns, showing profound differences between Immediate- 
and FiNAL-GoAL-cued planning, argues against such an interpretation.
It is also unlikely that the observed effects would be due to “passive” 
anticipation of the co-actor's upcoming action, without actively incorporating it 
into the own action plan. If that were the case, planning of Joint actions guided 
by Immediate Goals would result in similar anticipatory activation, which is not 
the case.
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Furthermore, it could be argued that the effects during planning of Joint 
FiNAL-GoAL-cued actions are caused by increased monitoring of one's own 
upcoming action (Sebanz et al. 2007) or inhibition of irrelevant responses 
(Forstmann et al. 2008), rather than anticipation on the co-actor's future 
movements to integrate these into an overall action plan. We would like to 
stress that these explanations should not be seen as mutually exclusive; indeed, 
in selection processes, enhancement of some representations and inhibition of 
other representations usually coexist. Planning an action that includes both 
one's own part and the other's part (on which the own part is dependent), 
requires that the own response be adapted to the simulated future response of 
the co-actor. For this process, increased monitoring and inhibitory control of 
irrelevant responses to the Final Goal are vital. However, if the mere fact that 
the co-actor was about to perform a complementary task would be responsible 
for the increased monitoring or inhibition of one's own responses (Sebanz et al. 
2007), the effect should have been present to the same extent in the Joint 
Immediate GoAL-cued condition, which is not the case. Besides, the left- 
lateralized character of our effects is not compatible with an explanation that 
focuses exclusively on inhibition processes, which tend to be right-lateralized 
(Forstmann et al. 2008). in sum, the requirement to predict and integrate the 
co-actor's future responses with one's own appears to be a crucial factor for 
evoking activity in left anterior and ventrolateral prefrontal cortex.
Conclusions
In this study, we have isolated the cerebral consequences of preparing object 
manipulations either performed alone (Solo) or together with a co-actor 
(Joint), and instructed on the basis of either an initial grasping component 
(Immediate Goal) or a desired end-state (Final Goal). By contrasting outcome- 
related BOLD differences within the Solo condition with outcome-related BOLD 
differences within the Joint condition, we were able to isolate cerebral 
responses that were specific to each of these conditions, while avoiding a direct 
comparison between them, and while keeping the planned movements within 
each condition constant. We reasoned that planning Joint actions would 
involve simulation of the upcoming action of the co-actor to integrate this into 
the overall action plan, in particular when these actions are based on a required 
Final Goal. In contrast, during Immediate Goal actions, the participant does not 
have to adapt his own movement plan to the predicted responses of the co­
actor. Our findings indicate that planning of Solo and Joint actions is indeed
105
Chapter 4
differentially influenced by the outcome level at which the action is instructed. 
More specifically, during planning of Joint actions instructed with their Final 
Goal, areas in the left ventrolateral and anterior prefrontal cortex increase their 
contributions. These results are congruent with our hypothesis, and suggest 
that the requirement to incorporate the future movements of the co-actor 
(Joint Final Goal condition), rather than one's own future movements (Solo 
Final Goal condition) into a shared action representation, leads to increased 
anticipatory simulation and more elaborate selection and reordering of action 
tokens in prefrontal areas. We show that having to take the other's upcoming 
action into account during preparation of collaborative actions makes a crucial 
difference - even if in both situations, the actions have to be coordinated, and 
the performed actions are the same.
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Epilogue

Epilogue
Summary of results
This thesis has explored the general question of how the brain controls 
different outcome-related aspects of action control. We have examined this 
issue in three domains. First, we have examined how different parts of the 
cerebral action control network are involved in preparing actions according to 
immediate and more remote desired outcomes. Second, we have assessed how 
grasping and end-state components of actions are differentially processed 
during observation of actions performed by others. Third, we have studied the 
effects of different outcome levels on planning cooperative actions, in 
particular the decisive role of having to integrate the predicted action of 
another person into one's own action plan. The results indicate that distinct 
outcome levels pose different processing demands on the brain, and hence 
emphasize different parts of the brain circuitry involved in action control.
The experiment described in Chapter 2 shows how actions are 
processed relying on different parts of the action circuit, depending on the level 
at which the action is planned. Using fMRI, we examined the neural correlates 
of preparing object manipulations based on either the desired end-state (the 
final goal) or the initial movement towards a target (the immediate goal). 
Subjects had to insert an object (consisting of a large and a small cube) into one 
of two corresponding large and small slots. The subjects were cued on either 
which slot to fill (Final Goal trials) or which object part to grasp (Immediate Goal 
trials). These actions required similar movements, but different planning. 
During Final Goal trials, there was differential preparatory activity along the 
superior frontal gyrus (bilaterally) and in left inferior parietal cortex. Immediate 
Goal trials evoked differential activity in occipito-parietal and occipito-temporal 
cortex. These findings support the notion that actions can be planned at 
different levels. We show that different fronto-parietal circuits plan the same 
action, either by selecting and combining multiple movements into a sequence 
to achieve a desired end-state, or by selecting movements spatially compatible 
with given object properties, involving a stronger reliance on visuospatial 
information. This interpretation is further supported by the finding that the 
preparation interval of only Immediate Goal and not Final Goal trials is sensitive 
to object size. In sum, these findings confirm the general notion that actions 
may be planned at different levels, and provide insights into the nature of these 
differences.
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Chapter 3 focused on the roles of ventral and dorsal premotor cortex 
(PMv, and PMd, respectively) in processing different components of observed 
actions. While most studies on premotor function have focused on individual 
movements, we have examined the processing of individual movements 
functionally embedded in an action. We tested whether processing hand-object 
interactions and action end-states would differentially engage PMv and PMd. 
We used a repetition suppression (RS) fMRI paradigm in which we 
independently manipulated the observed grip, the end-position of the object 
(independent of its spatial location), and the hand trajectory. By comparing 
novel and repeated trials for each of these action components, we could isolate 
RS effects specific to each of them. Repeating the grasp component attenuated 
activity in right PMv, whereas repeating the end-state of the action reduced 
BOLD activity in the left PMd. These results suggest that PMv is involved in 
controlling the kinematic means of hand-object interactions, whereas PMd is 
focused on the desired end-state of an object displacement. These results 
reconcile some of the existing models of premotor cortex contributions to 
sensorimotor behaviour.
In Chapter 4, we have described an experiment that investigated the 
human ability to act with others according to shared goals, coordinating their 
movements to achieve a given outcome. We designed a task in which two 
persons engaged in real-time collaboration in the MR scanner. We isolated the 
cerebral consequences of preparing object manipulations either performed 
alone (Solo) or together with a co-actor (Joint), and instructed on the basis of 
either an initial grasping component (Immediate Goal) or a desired end-state 
(Final Goal). By contrasting differential responses to these outcome levels 
within the Solo and Joint conditions, we were able to isolate cerebral 
responses specific to Solo and Joint actions, while avoiding a direct comparison 
between them. We reasoned that planning joint actions on the basis of a given 
final goal requires the integration of the co-actor's predicted action into the 
overall action plan. In contrast, planning joint actions on the basis of a given 
immediate goal, or planning solo actions, does not require the actor to adapt 
his own movement plan to the predicted response of the co-actor. We found 
that during planning of Joint actions instructed with their Final Goal, areas in 
the left ventrolateral and anterior prefrontal cortex increase their 
contributions. These results confirm that the requirement to incorporate the 
future movements of the co-actor (Joint Final Goal condition), rather than 
one's own future movements (Solo Final Goal condition) into a shared action 
plan, leads to increased anticipatory simulation in MNS areas. In addition, and
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unlike common views of joint action, our findings show that generating a 
shared goal representation also strongly relies on anterior prefrontal cortex.
Interpretational issues
Discrepancy between findings of Chapter 2 and 4
The findings described in Chapter 2 and 4 show some inconsistencies. While in 
both the planning experiment of Chapter 2 and the Solo trials of the joint 
action study described in Chapter 4, the outcome level that guided the first­
person action plan was manipulated, the results were quite dissimilar.
First, the activation along the right occipito-parietal fissure associated 
with preparing Solo Final Goal trials in the joint action experiment contrasts 
with the involvement of right V6A in preparing lMMEDiATE-GoAL-cued actions 
that was found in the first study. This discrepancy can be partly explained by 
the fact that the clusters involve functionally distinct, though neighbouring, 
areas. That is, the area found in the first study, V6A, is a visuomotor area, 
whereas the occipito-parietal cluster in the joint action experiment was 
classified as V6, which is a visual area. Furthermore, the occipito-parietal cluster 
in the joint action experiment is quite broad, extending from BA 18 (inferior 
parts) to BA 5 and the posterior cingulate (anterior parts), and thus is likely a 
functionally heterogeneous assembly of different responses. This indicates that 
one should be cautious in making strong claims about the specific role of V6 in 
preparing the Solo Immediate Goal trials.
Beside these differences in localization, these inconsistent finding might 
be caused by different task requirements: although both experiments 
manipulated the outcome level of planned object manipulations, the tasks 
profoundly differed in some aspects. For instance, contrary to the unimanual 
actions of the first experiment, the actions in the joint action experiment were 
performed with two hands, and required passing over the object between both 
hands, using the correct grips. This involved an extra step, and might have 
evoked additional shape comparison steps that were solved differently across 
conditions. This is also reflected in the fact that the immediate and final goal 
conditions of the first experiment were differentially sensitive to object size, 
whereas this difference was not present in the Solo trials of the joint action 
experiment.
More generally, the fact that the bimanual task required the subjects to 
hand over the object between the two hands, but only by grasping it at the
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opposite parts might have complicated the task to the extent that it became in 
effect a rule-based task. That is, in the unimanual experiment, subjects grasped 
the object at the side that permitted them to subsequently insert it into the 
correct slot. Thus, the correct grip constrained the required size of the slot, and 
vice versa. However, the requirement of the bimanual task to hand the object 
over by grasping it at the opposite side deviated substantially from this 
relatively straightforward unimanual task, since it was not imposed by 
mechanical constraints. Hence, rule-solving processes across both conditions 
might have obscured the comparison between goal levels. This difference 
between the experimental tasks might also have caused other inconsistencies, 
like the absence of differential involvement of prefrontal and inferior parietal 
areas in the Solo Final Goal condition of the joint action experiment, and the 
lack of occipito-temporal contributions to the Solo Immediate Goal trials. 
Although this might in part be due to a lower statistical power in the joint 
action experiment, due to the smaller number of Solo trials, the conclusion 
seems justified that the differential effects of immediate and final goal cued 
planning are quite sensitive to the specific task setting, e.g., the number of 
movement steps and the type of object manipulation. More specifically, we 
suggest that the explanatory range of the findings from Chapter 2 might be 
confined to situations involving simple tasks with direct mappings between 
movement components.
What are goals to the brain?
Although it is widely recognized that voluntary behaviour is organized around 
goals, most studies on action goals have focused on one type of goal, typically 
operationalized as the position or object that is the target of a single reaching 
or grasping act (Koski et al. 2002; Hoshi and Tanji 2002; Hamilton and Grafton 
2006). However, in most daily life situations, grasping is just an initial 
component of a broader action, in which the grasped object is used to achieve a 
subsequent goal. The notion that actions can be planned at different levels, 
from immediate to remote, is central to this thesis. In this framework, the more 
remote goals guide the selection of intermediate ones. Thus, rather than 
isolating the cerebral correlates of processing a grasped target object, the 
experiment described in Chapter 2 was designed to manipulate the outcome 
level that guided the action, while keeping the surface behaviour the same. In 
this way, we wanted to bridge the gap between the known relevance of this 
distinction in behaviour and the cerebral areas relevant to it -  whose functions 
might not have been seen in this perspective before.
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Note that we do not claim that there is an “immediate goal centre” or a 
“final goal spot” in the brain. Rather than implying a “fixed” neural category, 
our distinction between final and immediate goals should be regarded as an 
experimental heuristic to manipulate different levels within the proposed 
hierarchy of action planning, and to shed light on the computational 
mechanisms that might be responsible for it. Thus, we suggest that the 
hierarchical organization that can be applied to behavioural tasks emphasizes 
different types of computations, hence poses differential demands on 
dedicated neural circuitry. Within this hierarchy, the defining feature of a 
remote goal is that it requires some intermediate steps to achieve it -  in other 
words, one cannot directly head off straight to this goal but has calculate a 
series of steps to arrive there. The remote goal needs to be held on line for 
some time in a more abstract manner to enable a flexible combination process 
of these intermediate steps. In contrast, action plans based on goals that do 
not require intermediate steps may rely more directly on visuospatial 
information about the objects to be manipulated. We do not assume that the 
brain “decides” about the ”type” of outcome before calculating the movement 
plan; rather, the required type of computations that the brain needs to do to 
accomplish a goal may well be the defining feature of what we subsequently 
call different goal levels.
In sum, the findings discussed in Chapter 2 might justify the general 
claim that planning on increasingly higher or “abstract” levels within the goal- 
means hierarchy may require increasing abilities to represent and temporally 
organize multiple movement elements in the brain.
In the study described in Chapter 3, our aim was not to manipulate 
action planning based on different outcome levels. Instead, we attempted to 
delineate the cerebral contributions to processing different movement 
components within an overall action, namely a certain grip and a certain end- 
state of an observed grasp-and-place object manipulation. We isolated areas 
within premotor cortex that showed selective sensitivity to variations in one of 
these components. The defining feature of the first movement component was 
the specific grip (precision or full), instructed with the part of the object that 
was to be grasped. The defining characteristics of the last movement was the 
end position of the object, which was made independent of a certain spatial 
location in the visual field. These components were associated with differential 
sensitivity in ventral and dorsal premotor areas, respectively, and hence, our 
findings are in line with existing models that distinguish ventral and dorsal 
premotor cortex on the basis of spatial or arbitrary sensorimotor associations
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(Passingham 1993; Wise and Murray 2000; Shadmehr and Wise 2005), direct and 
indirect sensorimotor mapping (Hoshi and Tanji 2006; Hoshi and Tanji 2007), or 
processing intrinsic object properties versus locations in space (Georgopoulos 
et al. 1986; Rizzolatti et al. 1988; Gentilucci et al. 1988; Murata et al. 1997; Hoshi 
and Tanji 2000; Davare et al. 2006).
The innovative aspect of our study is that it shows that these functional 
characteristics, mostly studied in first-person action control and by focusing on 
isolated movements, can be confirmed in an action observation adaptation 
paradigm where these movements are embedded into an overarching action. In 
addition, the distinction between processing object features and processing 
end-states defined by arbitrary relations bears resemblance to our distinction 
between planning actions based on immediate or remote outcomes 
(Majdandzic et al. 2007), and to a distinction between increased online control 
in the dorsolateral pathway, and movement execution according to a pre­
specified movement plan in the dorsomedial pathway, that was proposed by 
Grol et al. (2007). However, one should be cautious in simply translating the 
notion of different outcome levels to our observation experiment, since this 
experiment did not manipulate the “remoteness” of the outcome to which a 
whole action was directed at the outset, but responses during the 
accomplishment of two subsequent goals. Besides, in order to confirm the roles 
of PMv and PMd in processing immediate steps and final outcomes, one should 
orthogonalize these outcomes from specific movement types, and test their 
responses during alternative manipulations - for instance, a two-step action 
that ends with a grasping movement.
In the experiment described in Chapter 4, we used the experimental 
manipulation of different outcome levels in an indirect manner, namely, to test 
the cerebral responses specific to planning actions performed with another 
person versus alone. We could not replicate the findings related to planning 
solo actions of our first experiment, which, as is mentioned in the previous 
paragraph, might be due to the different nature of the tasks. Indeed, rather 
than aiming to replicate our previous findings, we manipulated the outcome 
level to vary the extent to which the future action of the co-actor (rather than 
one's own future response) had to be predicted and integrated into the action 
plan. Our results show that generating a shared goal, rather than merely 
preparing an action towards another person, as in the lMMEDiATE-GoAL-cued 
Joint actions, requires an increased contribution of anterior prefrontal areas. 
Thus, it is not the requirement to collaborate per se, but the need to predict the
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other's action and to integrate it into an overall action plan, which determines 
prefrontal contributions.
Outlook
The experiments described in this thesis examined the cerebral manifestation 
of outcome-related processes in three domains (preparing individual actions, 
observing actions of others, and preparing collaborative actions), using several 
different, innovative approaches. We succeeded in designing experiments that 
involved visually-guided movements involving real objects. Besides, we studied 
movements that were integrated into an overarching, functionally relevant 
action.
In order to evaluate the generality of our findings, future research should 
test our manipulation in tasks involving other effectors, and other actions than 
grasp-and-displace actions. The design of experiments involving first-person 
action planning, observation, and collaboration, could be more closely matched 
in order to assess the domain-specificity of the findings. In addition, 
experimental designs in which more than two outcome levels are manipulated, 
could provide further insights into the generality of our suggestions on the 
cerebral mechanisms in planning actions at increasingly remote outcome levels. 
More in general, in line with the idea that action processes might be the 
elementary units of cognition in general, distinguishing between outcome 
levels might also be relevant for our understanding of other cognitive 
functions, like language and working memory.
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Onze dagelijkse acties - of we onszelf nu een kopje koffie inschenken, op een 
stoel gaan zitten, of een boek pakken - worden gekenmerkt door een vrijwel 
moeiteloze souplesse, en door het feit dat we ze doorgaans uitvoeren om een 
bepaalde uitkomst te bereiken. De vraag hoe dit op het oog eenvoudige 
vermogen wordt gerealiseerd, vormt - zoals bij veel “eenvoudige vermogens” 
het geval is - een complexe uitdaging voor de neurowetenschappen.
Ten eerste moeten onze hersenen onze bewegingen vormen naar en 
aanpassen aan de buitenwereld. Als we bijvoorbeeld een boek willen pakken, 
moeten we onze arm naar de locatie van het boek brengen, en voor onze hand 
een greep selecteren die overeenkomt met de vorm en grootte van het boek. 
Dit betekent dat visuele informatie die onze hersenen via ons netvlies in 
tweedimensionale coördinaten binnenkomt, op de een of andere manier 
vertaald moet worden naar codes die toegankelijk zijn voor het motorische 
systeem, om zo een passend bewegingspatroon te genereren (Jeannerod 1988; 
Jeannerod et al. 1995). Dit is een snel en uiterst geautomatiseerd proces, waarin 
bij verstoringen van buitenaf snelle “online” aanpassingen kunnen worden 
gemaakt (Prablanc et al. 1979).
De vraag hoe deze processen gerealiseerd worden, vormt op zichzelf al 
een belangrijk onderzoeksthema in de neurowetenschappen, dat meestal 
wordt aangeduid als “motorische aansturing” of “perceptie-actie-koppeling”. 
Toch is het verhaal daarmee niet compleet. Mensen bewegen niet slechts in 
reactie op externe gebeurtenissen; zij plannen hun acties veeleer op basis van 
intern gegenereerde doelen. Een onmiddellijke, stereotype respons gericht op 
een externe stimulus is meestal onvoordelig. In plaats daarvan zijn mensen in 
staat om actief de uitkomst te kiezen die gegeven de huidige situatie het meest 
waardevol is; op basis daarvan worden de bewegingsdetails om deze uitkomst 
te bereiken ingevuld. Om terug te komen op ons voorbeeld: we zullen een 
ander type beweging selecteren afhankelijk van of we het boek willen pakken 
om het open te slaan en erin te lezen, het in de boekenkast te zetten, of, zeg, er 
een mug mee dood te slaan. We kunnen het boek zelfs pakken met als doel het 
te knuffelen. En in het geval dat het ons doel is het boek te lezen, kunnen we 
het pakken ervan uitstellen om eerst onze leesbril op te zetten. Het idee dat 
actieplannen gestuurd worden door effector-onafhankelijke representaties van 
gewenste toekomstige uitkomsten, vereist een benadering waarin 
actieplanning bestudeerd wordt op een bijkomend, “doelgericht” 
beschrijvingsniveau.
Het belang van deze benadering werd nog sterker onderstreept met de 
ontdekking van neuronen in de premotorische cortex van makaken, die zowel
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vuren tijdens het uitvoeren van een bepaalde actie als tijdens het waarnemen 
van eenzelfde actie uitgevoerd door iemand anders (Rizzolatti et al. 1996; 
Gallese et al. 1996). De eigenschappen van deze neuronen duiden erop dat de 
hersenen tot op zekere hoogte een gemeenschappelijke code gebruiken voor 
het representeren van acties, onafhankelijk van effectoren, en zelfs 
generaliserend over verschillende perspectieven. Maar hoewel de hersenen dus 
activatiepatronen vertonen die alleen begrepen kunnen worden als we ze 
beschrijven op een niveau dat in de regel “abstract” genoemd wordt, is deze 
term niet erg informatief als we deze processen willen begrijpen. Het lijkt niet 
plausibel dat onze hersenen volledig abstracte representaties genereren -  in de 
alledaagse definitie dat deze volledig losstaan van een bepaald fysiek object. In 
plaats daarvan is er steeds meer steun voor de notie dat zelfs “abstracte” 
representaties uiteindelijk geworteld moeten zijn in “belichaamde” ervaringen 
(e.g. Anderson 2003). Al met al ligt er voor de neurowetenschappen wat betreft 
actiegerelateerde processen een uitdaging in het begrijpen van hoe de 
hersenen deze “abstractere” beschrijvingsniveaus operationaliseren.
Dit proefschrift heeft deze kwestie op drie gebieden onderzocht: het 
plannen van individuele acties, het waarnemen van acties bij anderen en het 
plannen van acties als deel van een samenwerking. Het is bekend dat 
representaties van de eigen acties en die van anderen een grote cognitieve en 
neurale overlap vertonen (Grezes and Decety 2001; Cisek and Kalaska 2004; 
Hamilton et al. 2004; Schubotz and von Cramon 2004; Calvo-Merino et al. 2005; 
Dinstein et al. 2007). Onze aanpak maakte het dus mogelijk om 
uitkomstgerelateerde aspecten van acties te bestuderen met behulp van 
verschillende typen experimenten, elk met bepaalde voordelen en 
beperkingen. Ten eerste hebben we onderzocht hoe verschillende delen van 
het cerebrale motorische systeem betrokken zijn bij het voorbereiden van acties 
gericht op ofwel directe gewenste uitkomsten, ofwel uitkomsten die verder in 
de toekomst liggen. Ten tweede hebben we bestudeerd hoe “grijp”- en 
“einddoel”-componenten van acties verwerkt worden tijdens het waarnemen 
van acties die uitgevoerd worden door anderen. Ten derde hebben we de 
effecten van verschillen in uitkomstniveaus (directe versus verre doelen) op het 
plannen van coöperatieve acties onderzocht, in het bijzonder de rol van het 
moeten integreren van de voorspelde actie van iemand anders in het eigen 
actieplan. Voordat ik deze experimenten in detail beschrijf, zal ik eerst een kort 
overzicht geven van de huidige kennis over de aansturing van acties.
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Historische zienswijzen op actierepresentaties
Het onderzoeken van de functionele organisatie van de motorische cortex
De vraag hoe de hersenen bewegingen genereren, intrigeerde wetenschappers 
al lang voordat er moderne neuroimagingtechnieken waren ontwikkeld. De 
eerste pogingen om het genereren van bewegingen in de hersenen te 
bestuderen, waren gebaseerd op elektrocorticale stimulatie. In de negentiende 
eeuw was ontdekt dat het toedienen van een elektrisch stroompje aan het 
neurale weefsel motorische excitatie kon opwekken. Met behulp van deze 
methode toonden Fritsch and Hitzig (1870) een grove somatotopische 
organisatie in de frontale cortex van een hond aan: stimulatie van 
aangrenzende locaties leidde tot bewegingen in naburige lichaamsdelen. Deze 
bevinding werd later bevestigd bij apen (Ferrier 1873; Woolsey et al. 1952), en bij 
mensen die epilepsiechirurgie ondergingen (Penfield and Welch 1951). Het 
leidde tot de conclusie dat de primaire motorische cortex, gelokaliseerd op de 
precentrale gyrus, een “landkaart van spieren” bevat, en deze spieren 
aanstuurt via directe projecties naar het ruggenmerg via de corticospinale 
banen (Fulton 1938). Deze opvatting over de corticale aansturing van 
bewegingen overheerste in de vroege twintigste eeuw. Naast een 
somatotopische organisatie in de primaire motorische cortex werden er ook 
“lichaamskaarten” in de aangrenzende premotorische gebieden gevonden.
Later werd aangetoond dat de somatotopische kaart in de primaire 
motorische cortex op zijn best zeer grof is, en bestaat uit grotendeels 
overlappende en door elkaar heen lopende representaties van lichaamsdelen. 
Enkelvoudige stimulatiepunten binnen de corticale armrepresentatie bleken 
bewegingen aan te sturen waarbij een groot aantal spieren en gewrichten 
betrokken was, in plaats van individuele spieren (e.g. Sanes and Schieber 2001). 
Verder wezen registraties van de activiteit van individuele zenuwcellen uit dat 
de activiteit van neuronen in de motorische cortex gecorreleerd is met high- 
level-kinematische parameters zoals bewegingsrichting, waarvoor de 
gecoördineerde activiteit van vele spieren vereist is (Georgopoulos et al. 1986; 
Caminiti et al. 1990). Een duidelijk ordeningsprincipe bleek moeilijk te 
herkennen, gegeven het feit dat neuronen in de motorische cortex ook lijken te 
zijn afgestemd op andere parameters, zoals hoek van het gewricht (Scott et al. 
1997; Reina et al. 2001), snelheid (Moran and Schwartz 1999) en kracht 
(Georgopoulos et al. 1992), en neuronale afstemmingscurves dynamische
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veranderingen vertonen tijdens verschillende fasen van een motorische 
respons (Johnson et al. 1999).
Een interessante bijdrage kwam van een serie corticale-stimulatiestudies, 
waarin langere stimulatiereeksen werden gebruikt dan tot dan toe gebruikelijk 
was. Het stimuleren van de primaire en premotorische cortex van apen 
genereerde complexe, gecoördineerde bewegingen die gedragsmatig 
betekenisvol leken (Graziano et al. 2002; Graziano et al. 2005). Verschillende 
corticale gebieden waren gerelateerd aan verschillende bewegingscategorieën 
die deel uitmaakten van het natuurlijke repertoire aan bewegingen van de aap, 
zoals hand-mond-interacties, reikbewegingen, grijpbewegingen in het centrale 
gebied en defensieve bewegingen. Deze bevindingen duiden op een ordening 
gebaseerd op ethologisch relevante acties en houdingen. Recenter is er een 
soortgelijke organisatie bij mensen gesuggereerd (Meier et al. 2008).
Het beeld dat uit deze bevindingen naar voren komt is dat de motorische 
cortex niet volgens één enkele kinematische parameter is georganiseerd. Het 
lijkt er eerder op dat er verscheidene parameterruimtes op de motorische 
cortex geprojecteerd zijn. Deze organisatie stamt vermoedelijk van de 
gelijktijdige optimalisatie van een multidimenionale parameterruimte op een 
tweedimensionale ruimte (de cerebrale cortex), volgens het principe van 
maximal smoothness, oftewel het minimaliseren van axonale “bedrading” 
(Aflalo and Graziano 2006; Graziano 2006). Dit houdt in dat de combinatie van 
parameters die tegelijk gevarieerd worden, waarschijnlijk afhankelijk is van de 
eisen van de specifieke taak van dat moment.
Deze korte uitweiding over de functionele eigenschappen van de 
motorische cortex is niet bedoeld als uitputtend overzicht, maar om te 
illustreren dat zelfs een hersengebied dat anatomisch gezien geschikt lijkt om 
basale kinematische parameters te coderen vanwege zijn directe projecties 
naar het ruggenmerg, een opmerkelijk veel complexere organisatie blijkt te 
hebben. Voor zover men het überhaupt begrijpt, representeert dit gebied 
bewegingen op een behoorlijk abstract, functioneel beschrijvingsniveau -  dat 
dat van een simpele lichaamskaart ver overstijgt. Een overzicht van de rol van 
andere cerebrale gebieden bij actiesturing zal later in deze inleiding worden 
gegeven.
Actiedoelen
Naast hersenwetenschappers die licht probeerden te werpen op de werking 
van motorische aansturing, hebben ook filosofen het onderwerp van de 
representatie van acties tot hun domein gerekend. De notie dat “ideeën”
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beweging kunnen veroorzaken is niet nieuw. Carpenter (1852) introduceerde de 
term ideomotor -  afgeleid van de termen ideo (idee) en motor (spierbeweging)
-  om naar een proces te verwijzen waarin een “gedachte” of “mentaal beeld' 
een, ogenschijnlijk onvrijwillige, reactie in de spieren kan veroorzaken. De 
ideomotortheorie die daarop geformuleerd werd (Lotze 1852; James 1890) 
stelde dat individuen eerst leren tot welke perceptuele “gebeurtenis” hun 
bewegingen leiden (ideomotor-leren), en deze associaties vervolgens in de 
omgekeerde volgorde toepassen: de beoogde perceptuele uitkomst wordt 
gebruikt om de bewegingen te selecteren die dit bewerkstelligen (ideomotor- 
sturing). Later werk door anderen borduurde op dit oude idee voort, en 
suggereerde dat het plannen van een actie gestuurd wordt door een 
anticipatieve representatie van de perceptuele gevolgen ervan (Greenwald 
1970; Prinz 1997).
Een actiedoel kan zodoende gedefinieerd worden als een representatie 
van de gewenste uitkomst die bereikt moet worden met de actie. Deze 
representatie is “abstract” in de zin dat ze onafhankelijk is van de manier 
waarop de uitkomst gerealiseerd wordt. Dat wil zeggen, hetzelfde actiedoel 
kan in principe op meerdere manieren en met gebruik van verschillende 
effectoren bereikt worden. Als we bijvoorbeeld de intentie zouden hebben om 
een mug dood te slaan met het boek uit ons vorige voorbeeld, zouden we dit 
doel op ontelbare manieren kunnen verwezenlijken: door onze rechter- of 
linkerhand te gebruiken, onze “forehand” of backhand”, enzovoorts.
Dit brengt ons bij een kernprincipe van doelgerichte acties: de 
hiërarchische opbouw ervan (e.g. Lashley 1930; Miller et al. 1960; Vallacher and 
Wegner 1987; Keele et al. 1990). In een hiërarchisch systeem bestaat elk niveau 
uit een aantal subsystemen, die zelf ook weer opgebouwd zijn uit kleinere 
eenheden. In zo'n systeem kunnen elementen op hogere niveaus de activiteit 
van mechanismen op lagere niveaus moduleren. Met betrekking tot de 
aansturing van acties bevinden zich actiedoelen bovenaan de hiërarchie; ze 
kunnen worden onderscheiden van acties (bewegingssequenties die 
functioneel geïntegreerd zijn met het huidige doel; Gallese and Metzinger 2003) 
en van de individuele bewegingen die worden geselecteerd en gecombineerd 
om het doel te bereiken. Verder kunnen doelen worden gerepresenteerd op 
steeds verder in de toekomst gelegen niveaus (zie bijv. Hamilton and Grafton
2006), waarbij de “verdere“ doelen het selecteren van de “directe” doelen 
sturen. Zo is het doel om het boek uit ons voorbeeld te pakken meestal slechts 
een begincomponent van een overkoepelende actie, waarin het boek gebruikt 
wordt om een daaropvolgend einddoel te bereiken, zoals bijvoorbeeld het
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boek in de boekenkast zetten. Aldus kunnen er meerdere subdoelen worden 
geselecteerd om een verder in de toekomst gelegen actie-uitkomst te 
realiseren.
Een ander centraal aspect van de doeltoestanden die door een 
organisme gerepresenteerd worden, is dat ze een innerlijke waarde voor dat 
organisme hebben (Gallese and Metzinger 2003). Alle organismen zijn uitgerust 
met een drijfveer tot homeostase: een drang om binnen een veranderlijke 
omgeving een constant intern milieu te behouden -  in feite, een drang om “in 
leven te blijven” (Bernard 1855; Cannon 1932). Het in stand houden van een 
stabiele toestand is dus waardevol voor het organisme. Om dit te realiseren, 
moet het organisme in staat zijn tot het representeren van zowel een “zelf”, in 
de vorm van een stabiel systeem, een extern object dat dit “zelf” beïnvloedt, 
als de relatie tussen de toestand van het “zelf” en het object (Damasio 1999). 
Het genereren en evalueren van doelrepresentaties zou een zeer verfijnde 
variant van dit basale controleproces kunnen zijn. Zeer algemeen gesteld kan 
een doelrepresentatie gezien worden als een representatie van een bepaalde 
onvervulde, waardevolle toestand van het organisme in relatie met een object, 
die dit organisme teweeg wil brengen (Gallese and Metzinger 2003). Het 
gebruik van innerlijke representaties van dergelijke belonende, onvervulde 
toestanden in plaats van externe stimuli voor het sturen van gedrag stelt het 
organisme in staat om veel flexibeler met zijn sterk veranderlijke omgeving te 
interacteren. Zijn gedrag is niet langer enkel gebaseerd op reactieve, maar ook 
op predictieve mechanismen.
Het is belangrijk om te beseffen dat hoewel doelrepresentaties 
generaliseren over effectoren en bewegingen, ze gezien moeten worden als 
intentionele concepten -  dat wil zeggen: ze zijn op een reëel of imaginair object 
“gericht”. Zoals we eerder hebben opgemerkt, wordt de inhoud van een 
doelrepresentatie door sommigen als een organisme-object-relatie beschreven 
(Gallese and Metzinger 2003). Volgens deze opvatting codeert het motorische 
systeem (toekomstige) acties door het constant simuleren van deze 
dynamische organisme-object-relatie. Dit impliceert dat het uitvoeren van acties 
en het zich inbeelden van acties berusten op de activiteit van grotendeels 
overlappende neurale structuren -  wat ook door omvangrijke evidentie 
ondersteund wordt (zie Jeannerod 2006 voor een overzicht). Overigens moet 
benadrukt worden dat simulatie als een “onbeheerde” manier van 
zelforganisatie beschouwd wordt: het proces impliceert geen bewuste 
reflecties en kan over het algemeen niet bewust ervaren worden.
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De simulatieprocessen tijdens doelgerichte actieplanning kunnen 
volgens sommige onderzoekers computationeel uitgewerkt worden met 
behulp van gekoppelde voorwaartse en inverse interne modellen (Wolpert and 
Kawato 1998; Johnson and Demiris 2005). Inverse (regelaars-) modellen nemen 
de huidige toestand van het system (bijv. spieractivaties of handpositie) en de 
gewenste toestand als input, en genereren motorische commando's (om het 
systeem van de huidige toestand naar de doeltoestand te brengen, gegeven 
een bepaalde context) als output. Voorwaartse modellen nemen als input de 
huidige staat van het systeem en de output-controlesignalen (i.e. de motorische 
commando's), en genereren als output een voorspelling van de navolgende 
toestand van het systeem. Inverse en voorwaartse modellen kunnen worden 
gekoppeld om een simulatieproces tot stand te brengen: het inverse model 
genereert een motorisch commando (gegeven de huidige toestand van het 
systeem, een gewenste eindtoestand en een context), en het voorwaartse 
model ontvangt een efferente kopie van het inverse model. Het voorwaartse 
model genereert dan een voorspelling van de resulterende eindtoestand en de 
resulterende sensorische feedback indien de actie daadwerkelijk uitgevoerd 
zou worden.
Op gedragsstudies gebaseerde aanwijzingen dat motorische planning 
doelgericht van aard is, zijn alomtegenwoordig. Het is bijvoorbeeld aangetoond 
dat de manier waarop een voorwerp wordt vastgepakt doorgaans zodanig 
wordt geselecteerd dat de beweging tot een comfortabele eindpositie leidt, in 
andere woorden, de verder in de toekomst gelegen doelen sturen de selecte 
van tussengelegen stappen (Rosenbaum et al. 2001; Cohen and Rosenbaum 
2004). Daarnaast hebben imitatiestudies aangetoond dat kinderen de neiging 
hebben om het doel van waargenomen bewegingen te imiteren, en de manier 
waarop dit doel wordt bereikt, te negeren (Meltzoff 1995; Bekkering et al.
2000). Het idee dat het begrijpen van andermans acties primair rond 
actiedoelen is georganiseerd, wordt verder ondersteund door gedragsstudies 
waarin greep- en doelgerelateerde aspecten van waargenomen acties selectief 
werden gemanipuleerd (van Elk et al. 2008). Verder blijkt het genereren van 
acties gebaseerd op conceptuele kennis over het overkoepelende doel van de 
actie soms selectief aangetast te zijn, zoals bij patiënten met ideationele 
apraxie. De laesies van deze patiënten leiden tot ruimtelijke en temporele 
fouten bij het uitvoeren van acties die gebaseerd zijn op een van tevoren 
bepaald doel, hoewel de individuele bewegingselementen afzonderlijk van 
elkaar probleemloos kunnen worden uitgevoerd (Luria 1980). Een overzicht van 
de cerebrale structuren die betrokken zijn bij het verwerken van
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doelgerelateerde aspecten van acties zal later in deze inleiding worden 
gegeven.
Waarneming, actie en cognitie -  vier handen op één buik
Historisch gezien zijn sensorische en motorische processen door de 
neurowetenschappen steeds als gescheiden entiteiten gezien, en werden 
daarom ook apart van elkaar bestudeerd. In feite is het maken van een 
kwalitatief onderscheid tussen waarnemen en bewegen diep geworteld in onze 
manier van denken. Vanuit een fenologisch gezichtspunt lijkt zien een passief, 
receptief proces, terwijl het genereren van bewegingen geassocieerd wordt 
met het actief en vrijwillig invloed uitoefenen op de omgeving. Maar 
sensorische functies in de hersenen van gewervelde dieren hebben zich enkel 
ontwikkeld omwille van de mogelijkheid ze in motorische patronen om te 
zetten: zonder het vermogen om in te werken op de buitenwereld zou het 
hebben van een sensorisch systeem weinig zin hebben. Het is daarom 
aannemelijk dat het vermogen om stimuli waar te nemen (en sterker nog, het 
feit dat we überhaupt een zenuwstelsel hebben) in belangrijke mate gevormd is 
naar het vermogen om vervolgens invloed uit te oefenen op deze stimuli.
Een theoretisch argument voor het idee dat actie en waarneming 
gestoeld zijn op een gemeenschappelijke neurale code (Sperry 1952) is 
gerelateerd aan de eerder genoemde aanname dat het plannen van een actie 
wordt gestuurd door een anticipatieve representatie van de perceptuele 
gevolgen ervan (Greenwald 1970; Prinz 1997). Het bestaan van een gedeeld 
neuraal substraat voor waarneming en motorische representaties is een voor 
de hand liggende voorspelling die uit deze theorie volgt.
Evidentie voor gemeenschappelijke neurale mechanismen voor zien en 
motorische sturing is afkomstig van studies met apen, waarin aangetoond werd 
dat er neuronen met bimodale eigenschappen bestaan. Het premotorische 
gebied F5 bevat bijvoorbeeld een type neuronen, “canonische” neuronen 
genoemd, die niet alleen vuren wanneer er een grijpbeweging wordt 
uitgevoerd, maar ook wanneer de aap een voorwerp ziet dat hij zou kunnen 
pakken, maar niet pakt (Gallese et al. 1996). Deze neuronen vormen dus een 
schakel tussen een doelvoorwerp en de ermee geassocieerde motorische actie, 
wat erop lijkt te duiden dat het zien van een voorwerp een simulatie van het 
pakken ervan opwekt. Dit laatste idee wordt ondersteund door het feit dat er 
een sterk verband is tussen de visuele en de motorische eigenschappen van 
canonische neuronen. Neuronen die precisiegrepen coderen, reageren op het 
aanbieden van voorwerpen die gepakt moeten worden met een precisiegreep,
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terwijl neuronen die afgesteld zijn op een greep met de hele hand, gevoelig zijn 
voor voorwerpen die een grijpbeweging met de hele hand zouden vereisen. 
Deze voorkeur is onafhankelijk van de vorm van het voorwerp, of van een direct 
daarna uitgevoerde motorische respons (Murata et al. 1997; Raos et al. 2006).
In verschillende onderling gerelateerde theorieën is het principe van een 
gemeenschappelijke code voor de visuele waarneming van voorwerpen en 
actierepresentaties verder uitgewerkt. Volgens Gallese en collega's 
bijvoorbeeld (Gallese and Metzinger 2003; Gallese and Lakoff 2005), roept het 
waarnemen van een driedimensionaal voorwerp automatisch het geschikte 
motorische programma op om het voorwerp te manipuleren. Het herkennen en 
van elkaar onderscheiden van voorwerpen wordt dus niet gebaseerd op hun 
fysieke uiterlijk alleen, maar op het effect van hun gesimuleerde interactie met 
het organisme. Bovendien maakt deze continue actiesimulatie gebruik van het 
motorische systeem en de multimodale eigenschappen daarvan. Het moet 
echter opgemerkt worden dat de term “simulatie” niet impliceert dat de 
kinematische parameters van dergelijke acties in detail worden gespecificeerd 
(e.g. Wilson and Knoblich 2005). Het bestaan van actiegerelateerde neuronen in 
de premotor cortex die vuren in samenhang met het doel van de actie, en niet 
met de bewegingsdetails van de gebruikte effectoren (Rizzolatti et al. 1988), 
lijkt erop te wijzen de object-organisme-interactie op een hogere-orde-wijze 
word gecodeerd.
Een aanverwante visie op de gemeenschappelijke codering van 
sensorische en motorische informatie is naar voren gebracht door Hommel en 
collega's (2001). Hun “Theory of Event Coding” stelt dat waarneming en 
actieplanning “alternatieve manieren zijn om hetzelfde te doen”, namelijk, het 
intern representeren van externe gebeurtenissen of omstandigheden (events). 
Deze externe events, of preciezer, de interacties tussen deze events en de 
waarnemer/actor, worden gerepresenteerd door gedistribueerde netwerken 
van “eigenschapscodes”, die event codes worden genoemd. Net als in de vorige 
benadering verwijzen de codes niet naar domein- en modaliteitspecifieke 
eigenschappen, zoals basale sensorische kenmerken of musculaire 
innervatiepatronen. De gemeenschappelijke code heeft veeleer betrekking op 
“late” perceptuele producten en “vroege” eigenschappen van acties. Dat wil 
zeggen, de codes verwijzen naar externe events op een distaal en abstract 
niveau -  met informatie-inhoud die zo complex kan zijn als, bijvoorbeeld, de 
“erop-zitbaarheid” van een stoel.
Een andere recente visie stelt dat er een functionele overlap is tussen 
motorische predictieve codering (oftewel voorwaarts modelleren) en
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perceptuele predictieve codering in premotorische gebieden. Om precies te 
zijn: de betrokkenheid van de premotorische gebieden bij uiteenlopende 
soorten acties zou omschreven kunnen worden in termen van een anticipatoire 
aandacht voor dynamische omstandigheden, of attentionele selectie ten 
behoeve van potentiële actie (Rizzolatti et al. 1987). Daarnaast heeft men 
gesuggereerd dat premotorische gebieden gemeenschappelijke representaties 
genereren van perceptuele events en het lichaamsdeel of de actiecategorie 
waarmee die bepaalde stimulus door gewoonte geassocieerd is geraakt, een 
idee dat bekendstaat als de “Habitual pragmatic event map account” 
(Schubotz et al. 2008). Zo zijn ventrale premotorgebieden gespecialiseerd in 
het verwerken van visuele representaties van voorwerpen, maar ook in het 
aansturen van de hand en het coderen van potentiële grijpbewegingen, 
vanwege het “standaard” praktische belang van voorwerpen voor 
grijpbewegingen. Deze visie heeft raakvlakken met de eerder besproken 
“landkaart” van ethologisch relevante actiecategorieën (Graziano and Aflalo
2007).
Naast de notie dat actiesimulatie en perceptuele processen een 
gemeenschappelijke code delen en gereguleerd worden vanuit gedeelde 
neurale structuren, is gesuggereerd dat simulaties door het motorische 
systeem ook de basis vormen van “cognitieve” representaties. Cognitie is 
traditioneel veelal beschouwd als een apart domein binnen de 
neurowetenschappen: het initiëren en manipuleren van abstracte concepten 
werd gezien als een amodale en puur symbolische vorm van calculeren (e.g. 
Fodor 1987), in tegenstelling to sensorische en motorische 
informatieverwerking. Volgens theorieën over “belichaamde cognitie” is deze 
visie implausibel. Zoals we hebben gezien, vormen de overlap tussen het zich 
inbeelden en uitvoeren van acties en daarnaast het gedrag van canonische en 
op doelen afgestelde premotorische neuronen, ondersteuning voor het idee 
dat acties - of ze nu worden uitgevoerd of niet -  gerepresenteerd worden als 
multimodale concepten van gesimuleerde interacties tussen het individu en een 
bepaalde objectcomponent. Maar behalve dat onze eigen toekomstige acties 
gesimuleerd worden door gebruik te maken van ons sensomotorische systeem, 
worden andere concepten en hun inferentiële structuur wellicht ook in termen 
van belichaamde interacties gecodeerd (Narayanan 1997). Volgens deze 
zienswijze “kunnen dezelfde neurale structuren die het lichaam kunnen 
bewegen, gedachten structureren” (Gallese and Lakoff 2005). Hiervan 
uitgaande is tevens gesuggereerd dat het activeren van een (fenomenale) 
representatie van het zelf in relatie tot een potentiële actie (namelijk, die actie
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wordt door het zelf geselecteerd), hetgeen is wat een bewust eerstepersoons- 
perspectief doet ontstaan (Gallese and Lakoff 2005) -  maar een al te 
diepgaande bespreking hiervan zou ons te ver van het onderwerp van dit 
proefschrift doen afdrijven, en er zijn uitstekende overzichten in de literatuur te 
vinden (Fischer and Zwaan 2008; Barsalou 2008).
Conclusie
Hoewel het kort en onvolledig is, illustreert het overzicht hierboven een 
geleidelijke verschuiving in ideeën over hoe acties worden gerepresenteerd, 
van een nadruk op kinematische parameters naar een nadruk op doelgerichte 
aspecten van acties. In andere woorden, het accent is verschoven van het 
“coderen van bewegingen” naar het “coderen van acties“. Hoewel niet 
ontkend kan worden dat door ons motorische systeem uiteindelijk 
bewegingsparameters gespecificeerd moeten worden die resulteren in 
spiercommando's, is gebleken dat verschillende hersengebieden waarvan 
voorheen verondersteld werd dat ze alleen motorische eigenschappen 
bezaten, acties op een abstracter, multimodaal niveau coderen. Daarnaast is er 
toenemende steun voor het idee dat “abstracte” concepten, die van oudsher 
als “niet-motorisch” zijn beschouwd, eveneens belichaamd zijn, oftewel: 
gefundeerd in motorische simulaties. Op deze manier is er een zienswijze op 
cognitie als een op actie gebaseerd proces aan het opkomen (Jeannerod 2006), 
en is het onderwerp intentionele actie door de traditionele grenzen van de 
cognitieve psychologie en de neurowetenschappen aan het heenbreken.
Het representeren van de acties van anderen
Het waarnemen van de acties van anderen
Tot nu to hebben we ons gericht op de processen die ten grondslag liggen aan 
het plannen en uitvoeren van onze eigen acties. Zoals we hebben gezien, lijkt 
het vermogen om acties te selecteren op basis van doelrepresentaties tot stand 
te komen door het simuleren van subject-object-interacties. Dit mechanisme 
zou ook van toepassing kunnen zijn op situaties waarbij acties van anderen 
worden waargenomen. Het intern simuleren van de waargenomen bewegingen 
van anderen, door deze op ons eigen motorische systeem toe te passen, zou 
neuraal gezien een plausibelere uitleg voor het begrijpen van acties vormen dan 
het generen van een niet-belichaamd idee over, bijvoorbeeld, het concept
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“grijpen”. In andere woorden, ons eigen motorische systeem ligt voor de hand 
als medium voor het bepalen van een samenhang met andere personen.
Sterke aanwijzingen voor een dergelijk proces op neuraal niveau 
werden in 1996 gevonden, toen werd aangetoond dat sommige neuronen in 
gebied F5 van de cerebrale cortex in apen “spiegelende” eigenschappen 
hebben: ze codeerden zowel acties die de aap zelf uitvoerde als soortgelijke 
acties die de aap bij anderen waarnam (Rizzolatti et al. 1996; Gallese et al.
1996). De neuronen reageren specifiek op acties waarin een hand in interactie is 
met een voorwerp: ze reageren niet wanneer de voorwerpen alleen aan de aap 
worden getoond of wanneer er handacties zonder doelvoorwerp worden 
uitgebeeld. Verder hebben niet alle spiegelneuronen dezelfde 
responseigenschappen: sommigen zijn “strikt congruent”, en reageren alleen 
wanneer waargenomen en uitgevoerde acties op precies dezelfde manier 
worden uitgevoerd, terwijl andere neuronen, die “globaal congruent” worden 
genoemd, reageren op acties die bijvoorbeeld alleen hetzelfde doel bevatten 
maar op verschillende manieren worden uitgevoerd (Gallese et al. 1996). 
Interessant is, dat sommige spiegelneuronen ook reageerden op waargenomen 
acties waarvan de uitkomst verborgen was, wat erop wijst dat er zelfs een 
interne representatie van de actie gegenereerd kan worden als er geen visuele 
informatie beschikbaar is (Umilta et al. 2001).
Deze ontdekking was belangrijk voor het actie-onderzoek: ze bewees dat 
neuronen in de premotorische cortex acties op een niveau coderen waarop 
gegeneraliseerd wordt over domeinen (waarneming en actie) en over 
perspectieven (het zelf en anderen).
Hoewel spiegelneuronen oorspronkelijk werden ontdekt in gebied F5 
van de premotorische cortex van apen, werden neuronen met deze 
eigenschappen later ook gevonden in de lobulus parietalis inferior (Rizzolatti et 
al. 2001; Fogassi and Luppino 2005). De sulcus temporalis superior (STS) bevat 
ook neuronen die betrokken zijn bij actiewaarneming, maar deze neuronen 
ontladen niet tijdens het uitvoeren van acties.
Later werden er ook bij mensen gebieden met “spiegelende” 
eigenschappen gevonden: bilateraal in de pars opercularis van de gyrus 
frontalis inferior, overeenkomend met Brodmanngebied 44, en in delen van de 
posterieure pariëtale cortex (bijv. Fadiga et al. 1995; Grafton et al. 1996; 
lacoboni et al. 1999; Buccino et al. 2001; Koski et al. 2002; Calvo-Merino et al. 
2005; Aziz-Zadeh et al. 2006; Dinstein et al. 2007). In mensen kunnen 
spiegelende eigenschappen alleen aangetoond worden voor gebieden, niet 
voor individuele cellen. Daarom is de vraag of de responsoverlap bij mensen
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toegeschreven kan worden aan een enkele populatie die zowel op uitvoering 
als waarneming reageert, of aan gescheiden maar met elkaar verweven 
neuronenpopulaties, nog steeds omstreden. Studies naar deze vraag laten 
tegenstrijdige resultaten zien (e.g. Chong et al. 2008; Dinstein et al. 2008).
De centrale vragen omtrent het spiegelneuronensysteem, zoals de 
verzameling gebieden met spiegelende eigenschappen is genoemd, zijn wat 
het nu precies simuleert of representeert, en welke functie het heeft. Hierover 
is een veelheid aan beweringen gedaan, waarvan we er enkele kort zullen 
bespreken.
De dominante hypothese over de functionele rol van het 
spiegelneuronensysteem is dat het gebruikt wordt voor het begrijpen van 
acties (Rizzolatti et al. 2001). Het zou hierin slagen door het direct mappen van 
de waargenomen beweging op het eigen motorische systeem, een 
mechanisme dat bekend staat als de direct matching-hypothese (Gallese and 
Goldman 1999; Rizzolatti et al. 2001). Zo'n automatische motorische simulatie 
zou de persoon vervolgens in staat stellen om de doelen en mentale 
toestanden van anderen te herkennen, door in het eigen motorische systeem 
de doelen op te roepen die zouden kunnen leiden tot het gesimuleerde 
uiterlijke gedrag (Gallese and Goldman 1999; Iacoboni et al. 2005; Gallese 2007).
Toch brengt het specificeren van de koppeling tussen motorische 
simulaties en het begrijpen van acties een duidelijk theoretisch probleem met 
zich mee. Het is waar dat registraties van de activiteit van individuele cellen 
neuronen aan het licht hebben gebracht die reageren op acties die identiek zijn 
wat betreft de basale motorische kenmerken, wat verklaard kan worden in 
termen van een direct matching-mechanisme van dit uiterlijke gedrag. Het is 
ook aangetoond dat sommige neuronen reageren op actiekenmerken op een 
manier die alleen kan worden verklaard op een abstract (doel-) niveau. 
Individuele neuronen kunnen echter niet verondersteld worden in staat te zijn 
om het doel van een actie direct vanuit de waargenomen bewegingen te 
“spiegelen” (Uithol et al. 2008), als de magische Mirror of Erised (Rowling
1997). Er moet een zeker interferentieproces plaatsvinden om van de 
waargenomen bewegingen naar de abstracte object-organisme-structuur, 
oftewel de doelen van de andere persoon, te geraken. Hoe zou het 
spiegelneuronensysteem dan van waargenomen bewegingen naar de eruit 
afgeleide doelen kunnen komen?
Een gangbare verklaring is dat de gesimuleerde kinematica in een 
synchroon voorwaarts model ingevoerd worden, vergelijkbaar met hoe 
voorwaartse modellen gebruikt worden in acties die men zelf uitvoert, waarbij
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zowel een bewegingskopie als het voorspelde perceptuele effect daarvan 
gegenereerd worden. (Desmurget and Grafton 2000; Wolpert and Flanagan
2001). Op die manier worden motorische simulaties, gebaseerd op isomorfe 
kaarten van het eigen lichaam, gebruikt om vast te stellen wat het doel zou zijn 
als men de actie zelf zou uitvoeren. Door contextuele informatie als restrictie te 
gebruiken, worden er top-down-voorspellingen gegenereerd van de actie die op 
dat moment plaatsvindt, en deze worden teruggevoerd in het 
waarnemingsproces. Volgens sommigen is de primaire functie van dit proces 
niet zozeer het begrijpen van intenties, maar het versnellen en faciliteren van 
perceptuele verwerking (Wilson and Knoblich 2005).
Recente bevindingen omtrent de responseigenschappen van 
spiegelneuronen in de pariëtale cortex bieden een interessant perspectief op 
dit proces van doelen afleiden. In het betreffende experiment werden apen 
getraind om twee acties met verschillende doelen uit te voeren (Fogassi and 
Luppino 2005): een voorwerp pakken om het op te eten, en een voorwerp 
pakken om het in een doosje te doen. De initiële reik-en-grijp-beweging was 
hetzelfde. De activiteit van bepaalde neuronen in de lobulus parietalis inferior 
was gerelateerd aan een zekere beweging (bijvoorbeeld grijpen). Interessant 
genoeg lieten de meeste van deze neuronen zeer andersoortige 
activatiepatronen zien naar gelang het einddoel van de actiesequentie waarin 
de beweging was ingebed (namelijk eten of plaatsen). Sommige van deze 
“actiebegrensde” neuronen hadden spiegelende eigenschappen en 
vertoonden soortgelijke selectieve responspatronen tijdens het waarnemen 
van vergelijkbare acties. Het model dat wordt gebruikt om deze bevindingen te 
verklaren is dat acties georganiseerd zijn als voorgeprogrammeerde ketens van 
(simpele) motorische handelingen die horen bij een actiedoel. Aan het begin 
van een uit te voeren actie wordt de intentie vertaald in een specifieke 
actieketen. Elke motorische handeling wordt vervolgens gefaciliteerd door de 
vorige. Tijdens het waarnemen kan het einddoel van een actie worden afgeleid 
door het als voorwaarts model activeren van diezelfde actiektetens. De 
geactiveerde actieketen wordt gebruikt om de volgende stappen te 
voorspellen, en daarmee om een interne representatie te activeren van wat de 
andere persoon waarschijnlijk gaat doen. Voor dit interferentieproces is wel 
top-down-informatie over de context vereist, afkomstig van bijvoorbeeld de 
sulcus temporalis superior en de inferotemporale kwab.
Andere visies achten het onwaarschijnlijk dat het 
spiegelneuronensysteem bewegingen op motorisch niveau simuleert -  de 
responsen van individuele neuronen vertonen te weinig congruentie om een
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direct-matching-mechanisme te ondersteunen. In plaats daarvan suggereert 
men dat hetgeen geresoneerd wordt de abstracte organisme-object-relatie is, 
die al eerder is afgeleid (Csibra 2005).
Al met al heeft de ontdekking van spiegelneuronen nieuw licht 
geworpen op de neurale implementatie van domeingenerieke 
actierepresentaties. Zodoende kan het ons begrip vergroten van de processen 
die ten grondslag liggen aan het plannen en uitvoeren van de eigen acties. 
Hoewel er zowel neuronen zijn gevonden die reageren op individuele 
motorische handelingen, als neuronen waarvan het gedrag samenhangt met 
abstractere aspecten, is de kwestie of er een direct-matching-mechanisme 
betrokken is bij het afleiden van de doelen van anderen, nog steeds sterk 
omstreden. In elk geval lijkt contextuele informatie vanuit andere 
hersengebieden essentieel te zijn voor het genereren van een doelconcept. 
Verder is aangetoond dat het einddoel van een actie een cruciale sturende rol 
speelt bij de selectie van individuele motorische handelingen, door het 
activeren van opeenvolgende ketens van neuronen.
Samen werken met anderen
Naast het vermogen om het waargenomen gedrag van anderen te 
interpreteren, beschikken sommige dieren over het vermogen en de motivatie 
om hun acties met die van anderen te coördineren om zo een 
gemeenschappelijk doel te bereiken. Wilde chimpansees nemen bijvoorbeeld 
deel aan collaboratieve jachtactiviteiten, wat vereist dat ze hun acties 
wederzijds coördineren, anticiperen op de acties van anderen, complementaire 
rollen aannemen en van rol kunnen wisselen (bijv. Boesch 1994), hoewel er zeer 
verschillend gedacht wordt over de precieze cognitieve vermogens die nodig 
zijn voor dit gedrag (Tomasello et al. 2005). Verder vertonen dolfijnen 
spelgedrag met collaboratieve kenmerken, zoals het elkaar om de beurt duwen 
of het doen van interactieve balspelletjes (Kuczaj and Highfill 2005). Natuurlijk 
coördineren ook mensen veelvuldig hun gedrag om tot gemeenschappelijke 
uitkomsten te komen -  bijvoorbeeld als twee personen samen een groot laken 
opvouwen.
Men heeft gesuggereerd dat de complexere vormen van collaboratieve 
activiteiten afhankelijk zijn van het vermogen van beide actoren om een 
representatie van een gedeeld doel te genereren (Bratman 1989; Tomasello et 
al. 2005; Sebanz and Knoblich in press). Zo'n representatie van een gedeeld 
doel bevat zowel het gemeenschappelijke doel als de rollen van de twee 
actoren, gerepresenteerd op een functioneel equivalente manier. Dit betekent
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dat de acties van beide actoren gerepresenteerd worden vanuit een 
overkoepelend perspectief, in andere woorden “van bovenaf”, zodat de rollen 
in principe omgedraaid zouden kunnen worden in de loop van de taak (Bratman 
1989; Tomasello et al. 2005; Sebanz and Knoblich in press). Hiervoor is het 
vereist om responsen wederzijds aan te kunnen passen en snelle correcties op 
de acties van de ander te kunnen maken; dit hangt grotendeels af van het 
vermogen om op de actie van de ander te anticiperen (Knoblich and Jordan
2003). Simulatieprocessen spelen hierin waarschijnlijk een sleutelrol (Knoblich 
and Jordan 2003). Door gebruik te maken van dezelfde machinerie als welke 
gebruikt wordt voor het plannen van de eigen acties, kan men een model 
genereren van wat de ander waarneemt en van plan is: de ander wordt herkend 
als een “handelende” persoon die doelen nastreeft en actieplannen kiest, net 
zoals men dat zelf doet.
Gedragsstudies wijzen erop dat mensen een sterke neiging hebben om 
automatisch simulaties van de (potentiële) acties van anderen te genereren, 
zelfs als dit niet noodzakelijk is voor het uitvoeren van de eigen taak (Sebanz et 
al. 2003; Ramnani and Miall 2004; Kilner et al. 2004). Deze acties lijken op een 
soortgelijke manier te worden gerepresenteerd als de eigen actie-alternatieven, 
zo blijkt uit het optreden van responsinterferentie-effecten en inhibitoire 
responsen (Sebanz et al. 2005; Sebanz et al. 2006). Interessant in dit verband is 
het feit dat het aandeel van hersengebieden met spiegelende eigenschappen 
stijgt tijdens gemeenschappelijke actietaken (Newman-Norlund et al. 2008), 
wat erop wijst dat de motorische simulaties en representaties van 
domeingenerieke organisme-object-relaties die we hierboven bespraken, een 
substantiële rol zouden kunnen spelen bij collaboratieve acties. Omdat 
neuroimaging-onderzoek naar samenwerking relatief nieuw is, zijn er meer 
gegevens nodig omtrent de cerebrale structuren die betrokken zijn bij het 
genereren van gedeelde doelen en het integreren van het eigen actieplan met 
de acties van anderen.
Corticale structuren betrokken bij visuomotorische 
processen
Zoals we hebben gezien, waren vroege ideeën over actiesturing voornamelijk 
afkomstig van electrocorticale-stimulatiestudies en het registreren van de 
activiteit van individuele cellen in apen, laesiestudies en theoretische 
conceptualisaties gebaseerd op gedragsobservaties. De laatste decennia heeft
134
Nederlandse inleiding en samenvatting
de spectaculaire vooruitgang in neuroimagingtechnieken het mogelijk gemaakt 
de functionele eigenschappen van het menselijk brein noninvasief te 
bestuderen. Hierdoor konden er pogingen worden ondernomen om de 
bevindingen die bij apen zijn gedaan naar het menselijk brein te generaliseren, 
en daarnaast om hypotheses over hogere-orde-aspecten van acties in 
experimentele paradigma's te testen.
Hieronder zullen we een korte schets geven van de functionele 
eigenschappen van de cerebrale gebieden die betrokken zijn bij 
visuomotorische sturing. We zullen ons overzicht beperken tot pariëto-frontale 
circuits, en gebieden als de basale ganglia, het cerebellum en andere 
subcorticale structuren buiten beschouwing laten, hoewel we ons bewust zijn 
van de belangrijke rol die ze spelen bij motivationele aspecten en de fijnere 
controle van bewegingen. Daarnaast zullen we ons vooral richten op de 
cerebrale sturing van handbewegingen, zoals het vastpakken van voorwerpen, 
en niet zozeer op de aansturing van bewegingen van andere effectoren. De 
terminologie die gebruikt wordt verwijst naar menselijke hersengebieden, 
hoewel de functionele equivalentie met bekende hersengebieden in makaken 
in veel gevallen slechts tentatief is, en onderverdelingen vooral zijn gebaseerd 
op cytoarchitectonische studies in apenbreinen.
Er zijn enkele algemene inzichten in de corticale ordering van motorische 
sturing opgedaan. Ten eerste vertonen motorische gebieden niet dezelfde 
herkenbare topografische organisatie als bijvoorbeeld visuele gebieden. Het 
naaste-buurprincipe, dat inhoudt dat neuronen die vergelijkbare soorten 
informatie verwerken ook vlakbij elkaar zijn gelokaliseerd, heeft in de visuele 
cortex een gemakkelijk herkenbare ordening tot gevolg, waarbij informatie 
vanuit het tweedimensionale netvliesoppervlak geprojecteerd wordt op de 
tweedimensionale cortex. De relevante parameterruimte bij motorische sturing 
lijkt multidimensionaal te zijn (Graziano and Aflalo 2007); omdat een 
multidimensionale ruimte moeilijk op een tweedimensionale ruimte kan worden 
geprojecteerd, ziet het resulterende patroon van corticale ordening er 
rommelig en versnipperd uit, of zelfs “een uitgerangeerde moderne kunstenaar 
waardig” (Graziano and Aflalo 2007), zoals we eerder in dit hoofdstuk hebben 
beschreven. Dit idee onderstreept dat we de neiging moeten onderdrukken om 
de regulering van gedragsparameters onderzocht met actie-experimenten in 
focale gebieden te lokaliseren. Sterker nog, het is duidelijk geworden dat er een 
uitgebreid netwerk van hersengebieden betrokken is bij motorische sturing, 
inclusief pariëtale gebieden, die voorheen als puur sensorische 
associatiegebieden werden gezien. Het blijkt dat pariëtale gebieden motorische
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eigenschappen hebben: ze bevatten bimodale neuronen die gevoelig zijn voor 
zowel sensorische als motorische informatie -  en omgekeerd zijn 
premotorische gebieden in staat om sensorische informatie te coderen. Het 
coderen van kinematische en doelgerelateerde correlaten van actie is dus niet 
beperkt tot bepaalde frontale of pariëtale gebieden: in plaats daarvan vormen 
ze geïntegreerde gehelen die niet alleen acties aansturen, maar ook 
“geïntegreerde representaties van acties, voorwerpen die bij acties gebruikt 
worden, en locaties waarnaar acties gericht worden” construeren (Gallese and 
Lakoff 2005).
Pariëto-frontale circuits
Volgens een invloedrijke opvatting wordt visuele informatie die ons brein 
binnenkomt in twee gescheiden paden verwerkt: een ventraal pad door 
occipito-temporale gebieden, dat het “zien voor waarneming” codeert, en een 
dorsaal (occipito-pariëtaal) pad dat het “zien voor actie” codeert (Goodale and 
Milner 1992). Ons overzicht zal zich vooral richten op gebieden binnen het 
dorsale visuele pad, hoewel informatie vanuit ventrale gebieden de dorsale 
gebieden ook kan beïnvloeden (Jeannerod et al. 1994; Rossetti and Pisella 2002; 
Fogassi and Luppino 2005; Verhagen et al. 2008).
Motorische sturing heeft betrekking op een uitgebreid netwerk van 
frontale en pariëtale gebieden (Passingham 1993; Kalaska et al. 1997; 
Passingham et al. 1998b; Kakei et al. 2001; Rushworth et al. 2003). Binnen dit 
netwerk zijn premotorische en pariëtale gebieden nauw verbonden via 
reciproque connecties; ze vertonen dan ook grote functionele 
overeenkomsten. Gebaseerd hierop is er een verdere onderverdeling tussen 
een dorsomediaal en een dorsolateraal pad gemaakt (Jeannerod et al. 1995). 
Het dorsomediale pad, dat gebied V6A in de sulcus parieto-occipitalis, de 
lobulus parietalis superior, en de (caudale) dorsale premotorische cortex 
omvat, zou betrokken zijn bij het voorbereiden van reikbewegingen en bij het 
coderen van de spatiële positie van voorwerpen in de ruimte direct om het 
lichaam heen (Wise et al. 1983; Matelli and Luppino 2001; Cisek and Kalaska
2004). Het dorsolaterale pad daarentegen, verbindt het anterieure gedeelte 
van de sulcus intraparietalis met de (rostrale) ventrale premotorische cortex en 
zou betrokken zijn bij “visuomotorische transformaties voor grijpbewegingen”, 
dat wil zeggen, het zou de vorm, grootte en oriëntatie van voorwerpen 
coderen, alsmede de motorische programma's om ze te manipuleren (bijv. 
grijpen) (Jeannerod et al. 1995; Toni et al. 2001). Deze opvatting wordt de 
“Twee-visuomotorische-kanalen-hypothese” genoemd (Jeannerod et al. 1995).
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Onlangs is er een alternatieve interpretatie van de functionele eigenschappen 
van deze paden voorgesteld, waarin ze onderscheiden worden op grond van de 
mate van online controle die benodigd is voor de actie, versus het kunnen 
vertrouwen op een vooraf gespecificeerd bewegingsplan (Grol et al. 2007). We 
zullen de functionele eigenschappen van pariëtale en frontale gebieden 
hieronder in meer detail samenvatten (zie Fig. 1.1 voor een grafische illustratie 
van de anatomie van de belangrijkste hersengebieden).
Posterieure pariétale cortex
De posterieure pariëtale cortex (PPC) bestaat uit de lobulus parietalis superior 
(SPL), de lobulus parietalis inferior (IPL) en de sulcus intraparietalis (IPS), die de 
eerste twee van elkaar scheidt. Hoewel de PPC lang beschouwd werd als een 
sensorisch integratiegebied (Mountcastle et al. 1975), wordt het gebied nu 
gezien als een mozaïek van kleine visuomotorische gebieden met verschillende 
subfuncties, afhankelijk van de effector en het type transformatie (Rizzolatti 
and Matelli 2003). De PPC ontvangt visuele en somatosensorische input. Verder 
bevat het zowel visueel-dominante als motorisch-dominante en 
visuomotorische neuronen (zie Culham et al. 2006), waarbij de visueel- 
dominante neuronen meer geconcentreerd zijn in de posterieure gedeelten.
De PPC is betrokken bij multisensorische integratie voor actie. Het 
gebied codeert kinematische parameters zoals bewegingsrichting (Crammond 
and Kalaska 1989), maar ook ruimtelijke locatie (Ungerleider and Mishkin 1982) 
en actiegerelateerde eigenschappen van voorwerpen, zoals oriëntatie, diepte 
en vorm (zie Culham and Valyear 2006). Het gebied speelt een duidelijke rol in 
de vroegste stadia van bewegingsvoorbereiding (Andersen and Buneo 2002), 
vermoedelijk door het berekenen van voorwaartse modellen (Tunik et al. 2007), 
maar is ook belangrijk voor de online controle van bewegingen tijdens hun 
uitvoering (Bálint 1909; Desmurget et al. 1999; Pisella et al. 2000; Grea et al.
2002).
Het anterieure gedeelte van de IPS (aIPS) lijkt gespecialiseerd te zijn in 
het coderen van interacties tussen de hand en een voorwerp. Neuronen in dit 
gebied zijn gevoelig voor het type greep (Baumann et al. 2009), en spelen een 
essentiële rol bij het vormen van de hand voordat het voorwerp vastgepakt 
wordt (Gallese et al. 1994) en bij de snelle, automatische online sturing van 
grijpbewegingen (Binkofski et al. 1998; Pisella et al. 2000). Bovendien reageert 
de aIPS op het visueel aanbieden van grijpbare voorwerpen (Grezes et al. 2003) 
en op haptische eigenschappen van voorwerpen (Ehrsson et al. 2000). Het
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reageert sterk op werktuigen, wat erop wijst dat het aangeleerde hand- 
voorwerp-interacties representeert (Culham et al. 2004).
Dit gebied is ook gevoelig voor het waarnemen van grijpbewegingen bij 
anderen (Shmuelof and Zohary 2005), wat suggereert dat het in staat is om 
object-organisme-interacties op een hoger niveau te coderen. Verder is de aIPS 
betrokken bij het coderen van het doelvoorwerp (bijv. een appel) van 
waargenomen grijpbewegingen, onafhankelijk van de kinematische details van 
deze grijpbewegingen (Hamilton and Grafton 2006). Meer in het algemeen is de 
PPC in staat tot het covert voorbereiden van bewegingen (onafhankelijk van 
hun daadwerkelijke uitvoering) en tot het wisselen van “motorische aandacht” 
tussen geplande bewegingen (Rushworth et al. 1997; Thoenissen et al. 2002). 
Lesies kunnen tot verschillende typen apraxie leiden, waaronder 
ideomotorische apraxie, waarbij basale motorische vermogens intact zijn, maar 
waarbij acties niet kunnen worden geïmiteerd of uitgebeeld (Haaland et al.
2000). Dit wijst erop dat de PPC niet alleen bij de spatieel-gestuurde aspecten 
van acties is betrokken (Pisella et al. 2000), maar ook bij actiesturing gebaseerd 
op arbitraire regels (Grafton et al. 1998).
Laterale premotorische cortex
De laterale premotorische cortex, die rostraal ten opzichte van de primaire 
motorische cortex (M1) is gesitueerd, speelt een centrale rol in het selecteren, 
voorbereiden en evalueren van acties (Mars 2006). Het gebied is 
onderverdeeld in een ventraal en een dorsaal gedeelte -  de ventrale 
premotorische cortex (PMv) en de dorsale premotorische cortex (PMd) (Barbas 
and Pandya 1987; Rizzolatti and Luppino 2001). Deze gebieden verschillen wat 
betreft hun verbindingen met pariëtale gebieden, en maken dan ook deel uit 
van netwerken met sterk verschillende functies (Rizzolatti and Matelli 2003).
Zoals we eerder vermeld hebben, is de PMv nauw verbonden met de 
aIPS en vormt daarmee een visuomotorisch circuit voor het plannen en 
uitvoeren van grijpbewegingen (Murata et al. 2000; Fogassi et al. 2001). De PMv 
lijkt acties op basis van spatiële informatie te coderen -  bijvoorbeeld de vorm 
van een vast te pakken voorwerp (Rizzolatti et al. 1988; Fogassi et al. 2001; Toni 
et al. 2001; Umilta et al. 2007; Spinks et al. 2008). Zoals we hebben gezien 
coderen bepaalde neuronen in het apengebied F5 -  waarvan de PMv het 
veronderstelde homologe gebied is - ook hogere-orde-aspecten van acties, 
zoals het (effector-onafhankelijke) doel van waargenomen acties (Umilta et al. 
2001; lacoboni et al. 2005).
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De PMd daarentegen, heeft sterke connecties met de SPL en V6A, en 
men veronderstelt dat dit gebied betrokken is bij acties die het omzetten van 
arbitraire regels in motorische output vereisen (Passingham 1985; Petrides 
1985; Kurata and Hoffman 1994; Chen and Wise 1995; Cisek and Kalaska 2004). 
Het kan nog verder worden onderverdeeld in een rostraal gedeelte (pre-PMd), 
dat gevoelig is voor stimuluseigenschappen met “motorische relevantie”, en 
een caudaal gedeelte dat vooral motorische informatie codeert (Barbas and 
Pandya 1987). Het caudale gedeelte van de PMd is ook in verband gebracht met 
het coderen van reikbewegingen naar locaties in de ruimte direct rond het 
lichaam (Burnod et al. 1999). Verder is de PMd betrokken bij het zich inbeelden 
van bewegingen (de Lange et al. 2005).
De PMv en de PMd zijn dus anatomisch relatief gesegregeerde gebieden 
met nogal verschillende functies: ze kunnen worden onderscheiden op basis 
van het type stimulus-response-koppeling (spatieel of arbitrair) en, 
dienovereenkomstig, het “voorkeurstype” beweging. Een diepgaandere 
bespreking van de verschillende modellen over de functie van premotorische 
gebieden is te lezen in Hoofdstuk 3.
Supplementaire en pre-supplementaire motorische gebieden
De mediale premotorische cortex omvat de supplementaire motorische 
gebieden (SMA) en, rostraler, het pre-supplementaire motorische gebied (pre- 
SMA). De SMA projecteert direct naar de primaire motorische cortex (M1) en 
naar het ruggenmerg, terwijl de pre-SMA verbonden is met prefrontale 
gebieden (Luppino et al. 1993) en met de PMd.
De SMA is betrokken hij het online houden van een reeds gespecificeerde 
beweging (Mars et al. 2008a) en bij het uitvoeren van acties. Neuronen in de 
SMA zijn specifiek gevoelig voor motorische codes, en niet zozeer voor visuele 
informatie (Hoshi and Tanji 2004). Pre-SMA daarentegen, vereist “complexere” 
acties om geactiveerd te worden, zoals de vraag of een voorwerp wel of niet 
vastgepakt kan worden (Rizzolatti et al. 1990; Matelli et al. 1993) of de 
noodzaak om “arbitraire” informatie in ermee geassocieerde bewegingen om 
te zetten (Mars et al. 2008b). Dit gebied wordt ook verondersteld potentiële 
acties in (andere) fronto-pariëtale gebieden te reguleren (Rizzolatti et al. 1998), 
en speelt als zodanig een rol bij het “toezicht houden” op de eigen acties, het 
aaneenrijgen van acties tot een sequentie (Tanji and Shima 1996) en het 
initiëren van en wisselen tussen taken (Rushworth et al. 2004b).
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Prefrontale cortex
De gebieden in de prefrontale cortex maken geen deel uit van het motorische 
systeem, maar ze spelen wel een vitale rol wanneer er top-down-controle van 
acties nodig is, bijvoorbeeld wanneer we moeten kiezen tussen actieplannen, 
complexe acties moeten plannen (Mushiake et al. 2006) of ons gedrag laten 
leiden door innerlijke overwegingen of intenties (Miller and Cohen 2001). 
Verschillende subgebieden binnen de prefrontale cortex dienen verschillende 
functies en het valt buiten de reikwijdte van dit hoofdstuk om ze allemaal te 
bespreken. Wat betreft motorische planning is de prefrontale cortex betrokken 
bij het online houden van sensorische informatie gedurende langere 
tijdsintervallen (Rowe et al. 2000), bij het intern selecteren en combineren van 
meerdere (toekomstige) gebeurtenissen (Koechlin et al. 1999) en bij 
prospectief geheugen, dat wil zeggen, het handhaven van een intentie over tijd 
(Burgess et al. 2001). Men veronderstelt daarnaast dat prefrontale gebieden de 
activiteit van andere hersengebieden beïnvloeden naargelang de eisen van de 
taak, waarbij ze als een “toegangspoort” werken voor informatiestromen 
vanuit andere gebieden (Miller and Cohen 2001; Burgess et al. 2007a).
Conclusie
Onderzoek naar het aansturen van acties is gefundeerd in de gecombineerde 
inspanningen van wetenschappers die de functionele eigenschappen van 
neuronen in motorische gebieden bestuderen, en actietheoretici die hun ideeën 
op gedragsobservaties baseren. Het is inmiddels vastgesteld dat het sturen van 
acties mogelijk wordt gemaakt door de gelijktijdige, gedistribueerde activiteit 
van een uitgebreid netwerk van frontale en pariëtale gebieden, die ieder 
gespecialiseerd zijn in bepaalde soorten neurale computaties, en die dus ook 
verschillende aspecten van acties verwerken. Het is een uitdaging voor 
hedendaagse neurowetenschappers om erachter te komen hoe de 
verschillende delen van het fronto-pariëtale circuit dat gedefinieerd is, 
bijdragen aan verschillen in aspecten van actiesturing die op gedragsniveau 
relevant zijn -  bijvoorbeeld, het plannen van acties gebaseerd op onmiddellijke 
of verder in de toekomst gelegen uitkomsten. Dit vereist het operationaliseren 
van theoretische concepten in zorgvuldig gecontroleerde experimentele 
paradigma's. Anderzijds moeten experimenten over actiesturing een zekere 
ecologische validiteit behouden, en genoeg gelijkenis vertonen met acties in 
natuurlijke contexten om betekenisvolle resultaten op te leveren. In de 
volgende paragraaf beschrijven we de manier waarop we deze uitdaging zijn
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aangegaan in onze fMRI-experimenten, door aanpassingen aan materiaal, 
taakomgeving, experimenteel design en analyseprocedures.
Het meten van de cerebrale correlaten van actiesturing met 
fMRI
Enkele basisprincipes van fMRI
Functionele Magnetische Resonantie Imaging (fMRI - zie Fig. 1.2) is een 
neuroimagingmethode die gevoelig is voor hemodynamische veranderingen in 
het brein. Toegenomen activiteit van neuronen leidt tot een toename in 
plaatselijk zuurstofverbruik en een toename in het stromen van zuurstofrijk 
(geoxygeneerd) bloed naar die plaats. Deze hemodynamische respons is 
relatief traag -  hij bereikt een piek na 4 a 5 seconden -  en leidt tot 
veranderingen in de relatieve concentraties van zuurstofrijk en zuurstofarm 
bloed. Het MR-signaal is gevoelig voor de verschillende magnetische 
susceptibiliteiten van geoxygeneerd en gedeoxygneerd hemoglobine. Daarom 
kunnen locale metabolische veranderingen over tijd gemeten worden met 
fM RI, en worden gebruikt als een maat voor neuronale activatie.
FMRI-experimenten zijn ontworpen voor het detecteren van patronen 
van hersenactiviteit die geassocieerd zijn met “verschijnselen van belang” 
(bijvoorbeeld bepaalde psychologische processen), teweeggebracht door een 
taak die de proefpersonen tijdens de scansessie uitvoeren. Veranderingen in 
hemodynamica die in overeenstemming met de taak in de tijd variëren, worden 
vastgesteld door het opzetten van een lineair model van de factoren die de 
veronderstelde signaalveranderingen over de tijd veroorzaken, en door het 
vervolgens vaststellen, voor iedere volume-eenheid, van de bijdrage 
(parameterschatting) van elke factor aan de geobserveerde variantie in 
signaalverandering, vergeleken met de restvariantie. Er kan op differentiële 
effecten van de experimentele condities op het MR-signaal worden getest door 
voor iedere volume-eenheid de significantie van het contrast tussen de 
parameterschattingen van deze condities te testen.
Het onderzoeken van actiesturing in de scanner -  problemen en oplossingen
Het bestuderen van actiegerelateerde processen met neuroimaging-methoden 
als fMRI is relatief nieuw, in vergelijking met andere onderzoeksvelden in de 
cognitiewetenschappen. Dit komt grotendeels door het feit dat fMRI-data
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extreem gevoelig zijn voor bewegingsartefacten. Vandaar dat het succesvol 
bestuderen van bewegingen met fMRI ironisch genoeg vereist dat de 
proefpersonen zo min mogelijk bewegen. Dit probleem, en enkele andere 
problemen die inherent zijn aan actie-onderzoek met fMRI, stellen 
onderzoekers voor een enorme uitdaging. Hieronder zullen we enkele van deze 
problemen beschrijven, evenals onze inspanningen om ze te omzeilen.
Zoals gezegd zijn fMRI-data gevoelig voor artefacten die veroorzaakt 
worden door hoofdbewegingen van de proefpersoon tijdens de scansessie. De 
bewegingen kunnen tot een ernstige daling van de signaal-ruis-verhouding 
leiden, zelfs als de scans opnieuw spatieel gerangschikt worden (realignment). 
Maar een probleem dat zelfs nog ernstiger is, ontstaat wanneer deze 
hoofdbewegingen gecorreleerd zijn met de experimentele taak. Dit kan 
gebeuren als bewegingen van de arm co-contracties in de nekspieren 
veroorzaken, die weer leiden tot kleine hoofdbewegingen die samengaan met 
de armbewegingen. Dit veroorzaakt temporele correlaties tussen regressoren 
die de taakgebeurtenissen van belang beschrijven, en de nuisance-regressoren 
die de realignment-parameters beschrijven, en vermindert daarmee de 
statistische power van het model. We hebben geprobeerd dit in ons eerste en 
derde experiment te vermijden door ons ervan te vergewissen dat de 
proefpersonen de taak op een comfortabele manier, met gebruik van alleen 
hun onderarm, konden uitvoeren. De objectmanipulatietaken werden zo 
ontworpen dat ze relatief kleine bewegingen van de vingers, pols en onderarm 
vereisten. Verder stabiliseerden we de bovenarm van de proefpersoon door er 
een plastic spalk omheen te bevestigen, en door bovenarm en bovenlichaam 
net boven de elleboog stevig maar comfortabel aan de scannertafel vast te 
snoeren. We ondersteunden het hoofd van de proefpersonen door middel van 
schuimkussens. Naast deze preventieve maatregelen berekenden we voor 
iedere proefpersoon de correlatie tussen de realigmnent-parameters en de 
experimentele timing, en sloten proefpersonen die een hoge correlatie 
vertoonden uit van verdere analyse (Verhagen et al. 2006).
Naast artefacten veroorzaakt door hoofdbewegingen kan het louter 
bewegen van een geleidend voorwerp in de buis van de magneet tot 
veranderingen in het globale signaal leiden, veroorzaakt door distorsie-effecten 
op het statisch-magnetische veld. We controleerden voor deze verschuivingen 
in het globale signaal door de intensiteitsveranderingen in de witte stof, de 
cerebrospinale vloeistof en een gedeelte buiten de schedel als regressoren in 
ons model op te nemen (Verhagen et al. 2006).
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Een kwestie die betrekking heeft op de ecologische validiteit van het 
experiment is het feit dat het hoofd van de proefpersoon bij veel fMRI-taken in 
een liggende positie verkeert, en dat de proefpersonen dus de binnenkant van 
de scannertunnel zien in plaats van hun handen. Dit probleem wordt vaak 
omzeild door het bevestigen van spiegels op de hoofdspoel, maar dit zorgt 
ervoor dat visuele en proprioceptieve informatie in het brein niet meer met 
elkaar in overeenstemming zijn. Het resulterende calibratieproces kan de 
resultaten verstoren (Culham et al. 2003). We stelden onszelf tot doel 
actiesturing te bestuderen door natuurlijke bewegingen te induceren, waarbij 
de proefpersonen hun bewegingen visueel kunnen sturen en waarbij echte 
voorwerpen gebruikt worden in plaats van joysticks en computerschermen. 
We slaagden hierin door de hoofdspoel circa 30° in het sagittale vlak te 
kantelen. Op deze manier konden de proefpersonen hun handen zien en op een 
comfortabele manier de voorwerpen vastpakken en manipuleren. Verder 
vervingen we het scannermatras door een dunner matras om deze positie te 
vergemakkelijken, en om er zeker van te zijn dat het hoofd zich nog steeds 
dichtbij het isocentrum van de magneet bevond (zie Fig. 2.1).
In de meeste fMRI-experimenten bestaan de responsen van de 
proefpersonen slechts uit knopdrukken, bijvoorbeeld als er een beslissing moet 
worden gemaakt op basis van stimuli die op een computerscherm 
gepresenteerd worden. Echter, als men geïnteresseerd is in de processen die 
ten grondslag liggen aan het plannen van objectmanipulaties, is het essentieel 
om echte voorwerpen te introduceren. Daarnaast is het belangrijk om de 
reponsen van de proefpersonen te kunnen registreren, zodat de prestaties op 
de taak en de exacte timing van de verschillende bewegingsfasen vastgesteld 
kunnen worden. Dit is niet gemakkelijk te realiseren, omdat er in de scanner 
geen gebruik gemaakt kan worden van ferromagnetisch materiaal. We hebben 
een niet-ferromagnetisch “grasping device” ontworpen, dat bestond uit een los 
voorwerp en een kastje met gaten. We konden de configuratie van de gaten 
variëren door het apparaat te roteren met behulp van een pneumatisch 
mechanisme. De taakinstructies werden aan de proefpersonen gegeven door 
middel van MR-compatibele gekleurde LED-lampjes. Niet-ferromagnetische 
schakelaartjes op het voorwerp en in de gaten stelden ons daarnaast in staat 
om de exacte timing van de verschillende bewegingscomponenten te 
registreren. We gebruikten dit om de verschillende bewegingsfasen te 
beschrijven in ons statistische model. Daarnaast konden we met behulp van 
deze metingen testen op gedragseffecten van de experimentele condities,
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hetgeen ons extra informatie over de aard van de planningsprocessen 
verschafte.
Een zeer algemeen principe van alle fMRI-experimenten is dat het 
design van de studie de onderzoeker in staat moet stellen om verschillende 
taakcomponenten van elkaar te onderscheiden. Dit betekent dat de events die 
horen bij de verschillende condities voldoende moeten zijn gescheiden in de 
tijd, en dat hun tijdseries niet temporeel gecorreleerd mogen zijn. Als men 
geïnteresseerd is in het isoleren en contrasteren van cerebrale responsen op 
verschillende componenten van “naturalistische” acties, bijvoorbeeld 
planningsprocessen gericht op dichtbije versus distalere doelen, of 
kinematische processen versus spatiële doelen, is deze beperking enigszins 
problematisch. Alle acties worden namelijk op een bepaalde manier uitgevoerd 
en hebben een bepaald doel, dus is het moeilijk om deze componenten 
onafhankelijk van elkaar te variëren. Bovendien is het belangrijk om het 
daadwerkelijke gedrag gelijk te houden in de vergeleken condities, zodat 
effecten niet kunnen worden toegeschreven aan sensorimotorische verschillen.
Er zijn verschillende mogelijke oplossingen voor dit probleem. Ten eerste 
kan men verschillende soorten instructies introduceren teneinde verschillen in 
planning te genereren, terwijl de uitgevoerde actie dezelfde is. We hebben 
deze benadering toegepast in ons eerste en derde experiment (zie Hoofdstuk 2 
en 4), om verschillen tussen het plannen van acties op basis van onmiddellijke 
en verdere doelen te bestuderen.
Men kan ook afstappen van het bestuderen van daadwerkelijk gedrag en 
in plaats daarvan actiewaarnemings- of inbeeldingsparadigma's gebruiken om 
de processen waarin men geïnteresseerd is te bestuderen. Deze benaderingen 
zijn gebaseerd op het feit dat de processen die ten grondslag liggen aan 
actieplanning en het inbeelden en waarnemen van acties grote overlap 
vertonen (bijv. Fadiga et al. 1995; Porro et al. 1996; Jeannerod and Frak 1999; 
Gerardin et al. 2000; Grezes and Decety 2001; Cisek and Kalaska 2004; Hamilton 
et al. 2004; Schubotz and von Cramon 2004; Fadiga and Craighero 2004; 
Solodkin et al. 2004; Calvo-Merino et al. 2005; de Lange et al. 2005; Dinstein et 
al. 2007; Gazzola and Keysers 2008). Door gebruik te maken van 
actiewaarnemings- of inbeeldingstaken kan men condities variëren zonder dat 
de vergelijking verstoord wordt door sensorimotorische verschillen gerelateerd 
aan verschillen in uitvoering.
In dit verband wordt een bijzonder interessante benadering toegepast in 
studies die actiewaarneming combineren met repetitie-suppressie. (RS; Grezes 
and Decety 2001; Cisek and Kalaska 2004; Hamilton et al. 2004; Schubotz and
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von Cramon 2004; Calvo-Merino et al. 2005; Dinstein et al. 2007). Deze 
paradigma's zijn gebaseerd op het verschijnsel dat herhaalde verwerking van 
een zeker kenmerk leidt tot een reductie in neurale activiteit bij neuronen die 
gevoelig zijn voor dat specifieke kenmerk (Miller and Desimone 1994; 
Thompson-Schill et al. 1999; Henson et al. 2000; Grill-Spector and Malach 2001; 
Rice et al. 2007). Repetitie-suppressie- (of adaptatie-) effecten bij fMRI zijn 
aangetoond op verschillende domeinen (bijv. Buckner and Koutstaal 1998; 
Wheatley et al. 2005) en voor tijdsschalen die variëren van milliseconden tot 
minuten of zelfs dagen (Sobotka and Ringo 1996; Henson et al. 2000; van 
Turennout et al. 2000). Hoewel adaptatie op neuronaal niveau is aangetoond in 
apen (Li et al. 1993), vormen de mogelijke mechanismen die verantwoordelijk 
zijn voor adaptatie in fMRI een punt van discussie, omdat fMRI de opgetelde 
activiteit van grote groepen neuronen weergeeft, die op een indirecte manier 
gemeten is. Bijgevolg zijn er verschillende modellen voor de adaptatie-effecten 
in fMRI naar voren gebracht (zie Grill-Spector and Malach 2001). De effecten 
kunnen veroorzaakt worden door een afname in de vuurfrequentie van een 
enkele neuronenpopulatie die de stimuluseigenschap codeert die herhaald 
wordt, een mechanisme dat ook geobserveerd is tijdens registraties van de 
activiteit van individuele cellen bij apen. Een andere mogelijkheid is dat de 
effecten een temporele “verkorting” van neurale activiteit reflecteren, of een 
verschuiving naar voren van de pieklatentie als een stimulus herhaald wordt 
(James and Gauthier 2006). Het zou ook kunnen dat herhaalde aanbieding tot 
een efficiëntere verwerking leidt, waarbij een kleineren en selectievere 
neuronenpopulatie wordt geactiveerd, wat een afname van het MR-signaal 
veroorzaakt (Desimone 1996). Hoogstwaarschijnlijk kunnen de RS-effecten 
verklaard worden door een combinatie van deze mechanismen, afhankelijk van 
de tijdschaal (Grill-Spector and Malach 2001).
We hebben een RS-paradigma gebruikt in het actie- 
waarnemingsexperiment beschreven in Hoofdstuk 3. Deze benadering heeft 
verscheidene voordelen ten opzichte van conventionele fMRI-paradigma's. Ten 
eerste stelde deze aanpak ons in staat om de verschillende 
bewegingscomponenten van waargenomen acties van elkaar te 
onderscheiden, zonder dat er kunstmatige tijdsintervallen tussen deze 
componenten geïntroduceerd hoefden te worden. Zoals gezegd kan men met 
een conventioneel fMRI-design de hemodynamische responsen die 
samenhangen met twee opeenvolgende bewegingen in een actie niet 
onderscheiden of vergelijken, vanwege hun nabijheid in de tijd -  tenzij er een 
variabel tijdsinterval wordt ingelast. Het gebruik van een RS-protocol stelde ons
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in staat dit probleem te omzeilen, omdat iedere bewegingscomponent 
vergeleken wordt met het nieuwe of herhaalde aanbieden van diezelfde 
component, die een soortgelijke timing heeft. Ten tweede kan het gebruik van 
een RS-paradigma de spatiële resolutie effectief vergroten, omdat er responsen 
binnen voxels worden vergeleken. Om precies te zijn kunnen verschillende 
stimulusaanbiedingen die anders tot gelijke fMRI-activatie binnen een voxel 
zouden hebben geleid, resulteren in een verschillende mate van adaptatie, 
bijvoorbeeld als met elkaar verweven neuronenpopulaties binnen een voxel 
bijdragen aan het MR-signaal.
Samenvatting van de experimenten in dit proefschrift
Dit proefschrift is gericht op de algemene vraag hoe cerebrale hersengebieden 
bijdragen aan verschillende uitkomstgerelateerde aspecten van actiesturing. 
We hebben deze vraag onderzocht op drie domeinen: het plannen van de eigen 
acties, het waarnemen van andermans acties en het plannen van acties waarin 
met anderen samengewerkt moet worden. Door middel van fMRI hebben we 
getracht scherp gecontroleerde experimentele designs te combineren met 
taken die betrekking hadden op “echte” acties, waarbij verschillende 
objectgerichte bewegingen werden geïntegreerd in een functioneel geheel. De 
resultaten wijzen erop dat verschillende uitkomstniveaus verschillende 
verwerkingseisen aan het brein stellen, en daarom ook verschillende delen van 
de bij actiesturing betrokken hersencircuits benutten.
In Hoofdstuk 2 is een fMRI-studie beschreven die tot doel had 
actieplanningsprocessen gebaseerd op verschillende uitkomstniveaus van 
elkaar te onderscheiden. Zoals we eerder besproken hebben, vormen directe 
doelen en einddoelen verschillende niveaus binnen een hiërarchisch 
georganiseerd actieplanningssysteem: tussendoelen en bewegingsdetails 
worden geselecteerd om distalere doelen te verwezenlijken. In de meeste 
studies worden actiedoelen bestudeerd in termen van doelvoorwerpen, dat wil 
zeggen, de focus ligt op het detecteren van actieprocessen gerelateerd aan het 
representeren van een voorwerp dat vastgepakt wordt. Een voorwerp wordt 
echter doorgaans vastgepakt om er vervolgens iets mee te doen. Actieplannen 
kunnen dus van elkaar onderscheiden worden op basis van de vraag of ze zijn 
gericht op een doel in de nabije toekomst, of op een gewenste uitkomst die 
verder in de toekomst ligt. De relevantie van dit onderscheid is met behulp van 
gedragsexperimenten geïllustreerd. Toch zijn neuroimagingstudies die
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differentiëren tussen directe en distalere doelniveaus schaars, hoewel een 
vernieuwende studie door van Schie and Bekkering (2007) lijkt uit te wijzen dat 
actieplannen gebaseerd op directe doelen en einddoelen worden gereguleerd 
door deels verschillende neurale mechanismen, weerspiegeld in 
elektrofysiologische verschillen vóór en tijdens het uitvoeren van de beweging. 
Met behulp van fMRI hebben we de cerebrale correlaten onderzocht van het 
plannen van objectmanipulaties die geïnstrueerd werden door ofwel de 
gewenste eindtoestand (het einddoel) of de initiële beweging naar een bepaald 
subdoel (het directe doel). Proefpersonen moesten een voorwerp (dat bestond 
uit een groot en een klein blokje) in één van twee gaten (een klein en een groot 
gat) steken. Als het voorwerp werd opgepakt aan het kleine gedeelte, kon het 
alleen met de grote kant in het grote gat worden gestoken; als het werd 
opgepakt aan het grote gedeelte, kon het alleen met de kleine kant in het 
kleine gat worden gestoken. De proefpersonen kregen een instructie over 
ofwel welk gedeelte van het voorwerp ze moesten vastpakken (Direct-doel- 
trials) ofwel in welk gat ze het voorwerp moesten steken (EiNDDOEL-trials). Deze 
acties vereisten in feite dezelfde bewegingen, maar een verschillende planning. 
Door de cerebrale gebieden te isoleren die verschillend reageerden op deze 
planningscondities, wilden we inzicht krijgen in de processen die ten grondslag 
liggen aan actieplanning op verschillende uitkomstniveaus. Tijdens het plannen 
van EiNDDOEL-trials waren er verschillen in activiteit langs de gyrus frontalis 
superior (bilateraal), en in de linker inferieure pariëtale cortex (gyrus 
supramarginalis). DiRECT-DOEL-trials genereerden differentiële activiteit in de 
linker sulcus parieto-occipitalis (V6A) en de rechter sulcus occipito-temporalis 
(LOtv). Deze bevindingen ondersteunen het idee dat acties op verschillende 
niveaus gepland kunnen worden. We hebben laten zien dat verschillende 
fronto-pariëtale circuits betrokken zijn bij het plannen van dezelfde actie, ofwel 
door het selecteren en combineren van meerdere bewegingen in een sequentie 
om een gewenst einddoel te bereiken, ofwel door het selecteren van 
bewegingen die spatieel compatibel zijn met bepaalde eigenschappen van een 
voorwerp, gepaard gaand met het sterker afgaan op visuospatiële informatie 
wanneer de actie gericht is op een direct doel. Deze interpretatie wordt verder 
ondersteund door de bevinding dat de voorbereidingstijd van alleen Direct- 
DOEL-trials, en niet EiNDDOEL-trials, wordt beïnvloed door de grootte van het 
vastgepakte blokje. Samenvattend bevestigen deze bevindingen dat acties 
gepland kunnen worden op verschillende niveaus, en geven ze inzicht in de 
aard van deze verschillen.
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Hoofdstuk 3 beschrijft een experiment waarbij we een repetitie- 
suppressie(RS)-paradigma hebben gebruikt om grijpgerelateerde van 
einddoelgerelateerde bewegingscomponenten te onderscheiden, die beide 
deel uitmaakten van een waargenomen objectmanipulatie. Dit onderscheid is in 
overeenstemming met bestaande modellen over de differentiële bijdragen van 
de ventrale (PMv) en dorsale (PMd) premotorische cortex aan 
sensorimotorisch gedrag. Terwijl de meeste studies naar de functie van 
premotorische gebieden zich hebben gericht op individuele bewegingen, 
hebben wij het verwerken van verschillende bewegingen die werden 
gecombineerd tot één overkoepelende actie bestudeerd. In ons RS-design 
werden onafhankelijk van elkaar de waargenomen greep waarmee een 
voorwerp gepakt werd, de eindpositie van het voorwerp (onafhankelijk van de 
ruimtelijke locatie) en het traject van de hand tijdens het verplaatsen van het 
voorwerp gemanipuleerd. Door nieuwe en herhaalde trials apart voor elk van 
deze actiecomponenten te vergelijken, konden we RS-effecten isoleren die 
specifiek waren voor bepaalde componenten. Op deze manier borduurde de 
studie voort op bestaande modellen over de functie van de premotorische 
gebieden, maar maakten we gebruik van een nieuwe benadering gebaseerd op 
adaptatie en het waarnemen van in een overkoepelende actie geïntegreerde 
bewegingen. Onze hypothese was dat het verwerken van hand-voorwerp- 
interacties vooral tot effecten in de PMv zou leiden, en het verwerken van 
eindtoestanden van acties betrekking had op de PMd. Het herhalen van de 
grijpcomponent leidde inderdaad tot een daling van activiteit in de rechter 
PMv, terwijl het herhalen van de eindtoestand van de actie BOLD-activiteit in de 
linker PMd deed afnemen. Deze uitkomsten lijken erop te wijzen dat PMv 
betrokken is bij het reguleren van de kinematische means van hand-voorwerp- 
interacties, terwijl de PMd gericht is op de gewenste eindtoestand bij het 
verplaatsen van een voorwerp. De resultaten verenigen bovendien enkele 
bestaande modellen over premotorische bijdragen aan sensorimotorisch 
gedrag.
In Hoofdstuk 4 is een derde studie beschreven, waarin we het vermogen 
hebben onderzocht om met anderen samen te werken en onderling 
bewegingen te coördineren om een gedeeld doel te bereiken. Met deze studie 
hoopten we meer licht te werpen op de processen die betrokken zijn bij 
collaboratieve acties, en hoe deze worden beïnvloed door verschillende 
taakeigenschappen. We ontwierpen een taak waarbij twee personen in de MR- 
scanner ter plekke moesten samenwerken. We isoleerden de cerebrale 
correlaten van het plannen van objectmanipulaties die ofwel alleen (SOLO)
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ofwel samen met een ander (Samenwerking) moesten worden uitgevoerd, en 
die werden geïnstrueerd door ofwel een bepaalde beginbeweging (Direct 
Doel), ofwel een gewenste eindtoestand (Einddoel). Door de differentiële 
responsen op deze uitkomstniveaus binnen de Solo- en de Samenwerking- 
condities te vergelijken, konden we de cerebrale activaties isoleren die specifiek 
waren voor Solo- en SAMENWERKiNG-acties, maar daarbij een directe vergelijking 
tussen beide vermijden. We redeneerden dat het plannen van 
samenwerkingsacties op basis van een gegeven einddoel het integreren van de 
voorspelde actie van de ander in het overkoepelende actieplan veronderstelt. 
Daarentegen vereist het plannen van samenwerkingsacties gebaseerd op een 
bepaald direct doel, of het plannen van solo-acties, niet dat de proefpersoon 
zijn beweging aan de voorspelde respons van de andere persoon aanpast. Het 
bleek dat tijdens het plannen van SAMENWERKiNGS-trials die geïnstrueerd werden 
met het Einddoel, de activiteit in de linker ventrolatrale en anterieure 
prefrontale cortex toenam. Deze resultaten lijken uit te wijzen dat de vereiste 
om de toekomstige bewegingen van de partner (Samenwerkings-Einddoel- 
acties), en niet de eigen toekomstige bewegingen (SoLO-EiNDDOEL-acties) in een 
gedeeld actieplan te incorporeren, tot een toegenomen anticipatoire simulatie 
in spiegelneuronengebieden leidt. Bovendien, en in tegenstelling tot gangbare 
visies op samenwerkingsprocessen, tonen onze bevindingen aan dat het 
genereren van een gedeelde doelrepresentatie ook sterk berust op de 
anterieure prefrontale cortex.
Interpretatiekwesties
Discrepantie tussen de bevindingen van Hoofdstuk 2 en 4
De in Hoofdstuk 2 en 4 beschreven bevindingen vertonen enkele 
tegenstrijdigheden. Hoewel in zowel het planningsexperiment van Hoofdstuk 2 
als in de SoLO-trials van de samenwerkingsstudie beschreven in Hoofdstuk 4 het 
doelniveau werd gemanipuleerd waarop het actieplan van de individuele actie 
gericht was, waren de resultaten behoorlijk verschillend.
Ten eerste wijkt de activatie langs de rechter sulcus parieto-occipitalis, 
geassocieerd met het plannen van de SoLO-EiNDOEL-trials in het 
samenwerkingsexperiment, af van de betrokkenheid van de rechter V6A bij het 
plannen van door het Directe Doel geïnstrueerde acties die in de eerste studie 
werd gevonden. Deze tegenstrijdigheid kan deels worden verklaard door het
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feit dat de clusters gelegen zijn in naburige maar functioneel verschillende 
gebieden. om  precies te zijn is het gebied dat in de eerste studie werd 
gevonden, V6A, een visuomotorisch gebied, terwijl het pariëto-occipitale 
cluster in het samenwerkingsexperiment werd geclassificeerd als V6, dat een 
visueel gebied is. Verder is het pariëto-occipitale cluster in het 
samenwerkingsexperiment vrij uitgestrekt: het strekt zich uit van BA 18 
(inferieure delen) tot aan BA 5 en de posterieure cingulate cortex (anterieure 
delen), en is dus waarschijnlijk een functioneel heterogeen samenstelsel van 
verschillende responsen. Dit wijst erop dat men voorzichtig moet zijn bij het 
trekken van harde conclusies over de specifieke rol van V6 bij het voorbereiden 
van de S0L0-DiRECT-D0EL-trials.
Naast de verschillen in lokalisatie kunnen deze inconsistente bevindingen 
ook veroorzaakt zijn door verschillen in taakeigenschappen: hoewel in beide 
experimenten het uitkomstniveau van de geplande objectmanipulaties werd 
gevarieerd, verschilden de taken in bepaalde opzichten aanzienlijk van elkaar. 
Zo werden de acties in het samenwerkingsexperiment met twee handen 
uitgevoerd, waarbij het voorwerp met de juiste greep tussen beide handen 
moest worden overgepakt, in tegenstelling tot de unimanuele acties in het 
eerste experiment. Dit betekende een extra tussenstap, en kan dus extra vorm- 
vergelijkingsprocessen hebben gegenereerd die in de verschillende condities 
anders werden opgelost. Dit wordt ook weerspiegeld door het feit dat de 
Direct-Doel- en EiNDDOEL-condities van het eerste experiment verschillend 
werden beïnvloed door de grootte van het vastgepakte blokje, terwijl dit 
verschil niet aanwezig was in de S0L0-trials van het samenwerkingsexperiment.
Meer in het algemeen kan het feit dat de bimanuele taak vereiste dat de 
proefpersonen het voorwerp van de ene naar de andere hand overpakten, 
maar het daarbij alleen mochten aanpakken aan de tegenovergestelde kant, de 
taak zodanig gecompliceerd hebben gemaakt dat het een feite een 
regelgebaseerde taak werd. In andere woorden, in het unimanuele experiment 
pakten de proefpersonen het voorwerp vast aan de kant die het mogelijk 
maakte om het voorwerp vervolgens in het juiste gat te plaatsen. De juiste 
greep beperkte dus welk gat gevuld kon worden, en andersom. De vereiste in 
de bimanuele taak om het voorwerp over te pakken door het aan de 
tegenovergestelde kanten vast te pakken, verschilde echter sterk van deze 
relatief eenvoudige unimanuele taak, omdat dit overpakken niet door 
biomechanische beperkingen werd opgelegd. Daarom zou het kunnen dat 
verschillen in regeloplossingsprocessen tussen beide condities de vergelijking 
tussen doelniveaus hebben vertroebeld. Dit verschil tussen experimentele
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taken kan ook andere tegenstrijdigheden veroorzaakt hebben, zoals de 
afwezigheid van differentiële betrokkenheid van prefrontale en inferieure 
pariëtale gebieden bij de SoLO-EiNDDOEL-conditie van het 
samenwerkingsexperiment. Hoewel dit deels veroorzaakt kan zijn door een 
lagere statistische power in het samenwerkingsexperiment, vanwege het 
kleinere aantal Solo trials, lijkt de conclusie gerechtvaardigd dat de differentiële 
effecten van het plannen van acties gebaseerd op directe en einddoelen 
behoorlijk gevoelig is voor specifieke taakeigenschappen, bijvoorbeeld het 
aantal bewegingsstappen en het type objectmanipulatie. Specifieker gesteld 
suggereren we dat het verklarende bereik van de bevindingen in Hoofdstuk 2 
beperkt zou kunnen zijn tot situaties waarin een simpele taak uitgevoerd moet 
worden, met directe (en geen arbitraire) mappings tussen 
bewegingscomponenten.
Wat zijn doelen voor het brein?
Hoewel het alom wordt geaccepteerd dat vrijwillig gedrag rond doelen is 
georganiseerd, hebben de meeste studies naar actiedoelen zich op een bepaald 
type doel gericht, doorgaans geoperationaliseerd als de positie of het 
voorwerp dat het doel is van een enkele reik- of grijpbeweging (Koski et al. 
2002; Hoshi and Tanji 2002; Hamilton and Grafton 2006). In de meeste situaties 
van alledag is een grijpbeweging echter slechts een initiële component van een 
uitgebreidere actie, waarin het vastgepakte voorwerp gebruikt wordt om een 
daaropvolgend doel te bereiken. Het idee dat acties op verschillende niveaus 
gepland kunnen worden, van direct naar verder in de toekomst, staat in dit 
proefschrift centraal. Volgens dit theoretische kader geven de verder weg 
gelegen doelen richting aan het selecteren van de tussengelegen doelen. In 
plaats van de cerebrale gebieden te isoleren die betrokken zijn bij het 
representeren van een vastgepakt doelvoorwerp, hebben we het experiment 
beschreven in Hoofdstuk 2 zo ontworpen dat we het uitkomstniveau waarop de 
actie gepland werd, konden manipuleren, maar de daadwerkelijke bewegingen 
gelijk bleven. Op die manier wilden we de kloof overbruggen tussen de 
algemeen bekende relevantie van dit onderscheid voor gedrag en de cerebrale 
gebieden die voor dit onderscheid van belang zijn -  en waarvan de functies 
misschien niet eerder in dit verband zijn beschouwd.
Merk op dat we niet beweren dat er een “directe-doelen-centrum” of 
een “einddoel-gebied” in de hersenen is. Ons onderscheid tussen directe en 
einddoelen impliceert geen vaste neurale categorie, maar moet beschouwd 
worden als een experimentele heuristiek om verschillende niveaus binnen de
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voorgestelde actieplanningshiërarchie te manipuleren, en om licht te werpen 
op de mechanismen die eraan ten grondslag liggen. We suggereren in dit 
verband dat de hiërarchische organisatie die kan worden toegepast op 
gedragstaken verschillende soorten computaties benadrukt, en daarom 
verschillende eisen stelt aan gespecialiseerde neurale circuits. Binnen deze 
hiërarchie is de definiërende eigenschap van een “ver” doel dat er bepaalde 
tussenstappen vereist zijn voordat het doel bereikt kan worden -  in andere 
woorden, men kan niet zomaar rechtstreeks op dit doel afgaan maar moet een 
serie stappen berekenen om er te komen. Het distale doel moet derhalve een 
bepaalde tijd en op abstracte wijze online gehouden worden, om een flexibel 
combinatieproces van deze tussenstappen mogelijk te maken. Daarentegen 
kunnen actieplannen die gebaseerd zijn op doelen die geen tussenstappen 
vereisen directer berusten op visuospatiële informatie over de te manipuleren 
objecten. We veronderstellen niet dat het brein “beslist” over het “soort” doel 
voordat het bewegingsplan berekend wordt; in plaats daarvan kan het vereiste 
type computaties dat door het brein verricht moet worden om een doel te 
vervullen gezien worden als het definiërende kenmerk van wat we vervolgens 
verschillende doelniveaus noemen.
Al met al lijken de bevindingen die we in Hoofdstuk 2 besproken hebben 
de algemene bewering te kunnen rechtvaardigen dat het plannen van acties op 
steeds hogere of “abstractere” niveaus binnen de doelhiërarchie, in het brein 
toenemende vermogens tot het representeren en temporeel ordenen van 
meerdere bewegingselementen vereist.
In de in Hoofdstuk 3 beschreven studie was het niet ons doel om 
actieplanning gebaseerd op verschillende uitkomstniveaus te manipuleren. In 
plaats daarvan wilden we de rol van verschillende cerebrale hersengebieden bij 
het verwerken van bepaalde bewegingscomponenten binnen een 
overkoepelende actie karakteriseren, namelijk een bepaalde greep en een 
bepaalde eindtoestand van een waargenomen grijp-en-verplaats- 
objectmanipulatie. We isoleerden gebieden in de premotorische cortex die 
selectieve gevoeligheid voor het variëren van één van deze componenten 
vertoonden. Het definiërende kenmerk van de eerste bewegingscomponent 
was de specifieke greep (precisiegreep of krachtgreep), geïnstrueerd door het 
gedeelte van het voorwerp dat moest worden vastgepakt. De definiërende 
eigenschap van de laatste beweging was de eindpositie van het voorwerp, die 
onafhankelijk van een bepaalde ruimtelijke locatie in het visuele veld was 
gemaakt. Deze componenten gingen gepaard met differentiële gevoeligheid in 
respectievelijk ventrale en dorsale premotorische gebieden, en daarmee zijn
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onze bevindingen in overeenstemming met bestaande modellen die de ventrale 
en dorsale premotorische cortex onderscheiden op basis van ruimtelijke versus 
arbitraire sensorimotorische associaties (Passingham 1993; Wise and Murray 
2000; Shadmehr and Wise 2005), directe en indirecte sensorimotorische 
koppeling (Hoshi and Tanji 2006; Hoshi and Tanji 2007), of het verwerken van 
intrinsieke objecteigenschappen versus ruimtelijke locaties (Georgopoulos et al. 
1986; Rizzolatti et al. 1988; Gentilucci et al. 1988; Murata et al. 1997; Hoshi and 
Tanji 2000; Davare et al. 2006).
Het innovatieve aspect van deze studie is dat zij aantoont dat deze 
functionele eigenschappen, die meestal bestudeerd worden bij individuele 
actieplanning en in geïsoleerde bewegingen, bevestigd kunnen worden met 
adaptatieparadigma, en in een actiewaarnemingstaak waarbij de bewegingen 
zijn ingebed in een overkoepelende actie. Daarnaast vertoont het onderscheid 
tussen het verwerken van objecteigenschappen en het verwerken van 
eindtoestanden gedefinieerd door arbitraire relaties overeenkomsten met ons 
onderscheid tussen het plannen van acties gebaseerd op directe en distale 
uitkomsten (Hoofdstuk 2), en met een onderscheid tussen toegenomen online 
controle in het dorsolaterale pad en bewegingsuitvoering volgens een van 
tevoren gespecificeerd bewegingsplan in het dorsomediale pad, dat is 
gesuggereerd door Grol et al. (2007). Men moet echter voorzichtig zijn met het 
simpelweg vertalen van het idee van verschillende uitkomstniveaus naar ons 
waarnemingsexperiment, omdat in dit experiment niet de “verafgelegenheid” 
werd gemanipuleerd van de uitkomst waarop de gehele actie vanaf het begin 
was gericht, maar de cerebrale responsen tijdens het vervullen van twee 
opeenvolgende doelen. Bovendien zou men, om het belang van PMv en PMd 
voor het verwerken van tussenstappen en einddoelen te bevestigen, deze 
uitkomsten onafhankelijk moeten maken van specifieke bewegingstypen, en 
hun responsen tijdens alternatieve manipulaties moeten testen -  bijvoorbeeld 
een tweestapsactie die eindigt met een grijpbeweging.
In het in Hoofdstuk 4 beschreven experiment hebben we de 
experimentele manipulatie van de verschillende doelniveaus op een indirecte 
manier gebruikt, namelijk om de cerebrale responsen te testen die specifiek zijn 
voor het plannen van acties die samen met een andere persoon (versus alleen) 
worden uitgevoerd. We konden de bevindingen met betrekking tot het 
plannen van solo-acties uit ons eerste experiment niet repliceren, wat, zoals al 
genoemd werd in de vorige alinea, wellicht te wijten is aan wezenlijke 
verschillen tussen beide taken. Maar in feite manipuleerden we het doelniveau 
niet om onze vorige bevindingen te repliceren, maar om de mate waarin de
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toekomstige actie van de partner (en niet de eigen toekomstige respons) 
voorspeld en in het actieplan geïntegreerd moest worden, te manipuleren. 
onze resultaten laten zien dat het genereren van een gedeeld doel, en niet het 
slechts voorbereiden van een actie gericht op een andere persoon, zoals bij de 
samenwerkingsacties geïnstrueerd door een Direct Doel, een toegenomen 
bijdrage van anterieure prefrontale gebieden vereist. Het is dus niet slechts de 
noodzaak tot samenwerken, maar de vereiste om de actie van de ander te 
voorspellen en in een overkoepelend actieplan te integreren, die beslissend lijkt 
te zijn voor de bijdrage van prefrontale gebieden.
Vooruitblik
Met de experimenten die in dit proefschrift zijn beschreven hebben we de 
cerebrale manifestatie van uitkomstgerelateerde processen onderzocht, en wel 
op drie domeinen (het plannen van individuele acties, het waarnemen van de 
acties van anderen, en het plannen van collaboratieve acties), en 
gebruikmakend van verschillende vernieuwende benaderingen. We zijn erin 
geslaagd experimenten te ontwerpen die visueel-gestuurde bewegingen met 
echte voorwerpen bevatten. Bovendien waren de bewegingen die we 
bestudeerden geïntegreerd in een overkoepelende, functioneel-betekenisvolle 
actie.
om  de algemeenheid van onze bevindingen te evalueren, zou 
toekomstig onderzoek onze manipulatie moeten testen in taken met andere 
effectoren, en andere acties dan grijp-en-verplaats-acties. De designs van de 
experimenten naar individuele actieplanning, actiewaarneming en 
samenwerking zouden nog beter op elkaar afgestemd kunnen worden om de 
domeinspecificiteit van de uitkomsten te testen. Daarnaast zouden 
experimenten waarin meer dan één doelniveau wordt gemanipuleerd meer 
inzicht kunnen verschaffen in de algemeenheid van onze suggesties over de 
cerebrale mechanismen betrokken bij het plannen op steeds hogere 
uitkomstniveaus. Meer in het algemeen, en conform het idee dat 
actieprocessen wel eens de elementaire bouwstenen van cognitie in het 
algemeen zouden kunnen zijn, zou het maken van een onderscheid tussen 
uitkomstniveaus wellicht ook relevant kunnen zijn voor het begrijpen van 
andere cognitieve functies, zoals bijvoorbeeld taal en werkgeheugen.
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